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Sperm are stored for extended periods of time in the epididymis, but upon 
ejaculation motility is increased and lifespan is decreased. After insemination, sperm 
must traverse the female barriers and undergo capacitation to complete fertilization; 
however, there are differences in fertility even among bulls that successfully pass a 
breeding soundness exam. For any potential marker of fertility, there must be variability 
expressed among animals. The series of studies in this dissertation had the objective 1) to 
evaluate differences between epididymal and ejaculated sperm and respective fluids 
proteins to understand increased longevity of epididymal sperm; 2) to evaluate the 
potential of dystroglycan (DAG1) and plasma serine protease inhibitor (SERPINA5) as 
fertility markers; and 3) to evaluate whether post in vitro capacitation changes in sperm 
could be used to estimate fertility differences between bulls. In summary, it was observed 
that 1) epididymal sperm was able to maintain viability longer than ejaculated sperm 
when cultured under the same conditions, also, sperm energy metabolism appears to be 
more glycolytic compared to sperm in the ejaculate, based on the greater number of 
proteins related to this pathway only present in epididymal samples. Sperm also has a 
greater number of antioxidants available in the epididymis that is likely to be maintaining 
reactive oxygen species (ROS) at low concentrations to inhibit premature sperm 
activation. This is supported by a greater mitochondrial membrane potential of 
epididymal sperm compared to ejaculated sperm and the fact that epididymal sperm was 
xxv 
 
able to maintain viability longer than ejaculated when cultured under the same 
conditions. Then, it was observed that 2) DAG1 and SERPINA5 proteins, that are 
associated with cell to cell interactions, were localized on the bovine sperm head, also, 
SERPINA5 was localized on the sperm tail, and concentrations of DAG1 and SERPINA5 
on the sperm head were correlated with each other (P = 0.01, r2 = 0.54), also, SERPINA5 
was correlated with embryo cleavage rate (P = 0.04, r2 = 0.48), and the percentage of tail 
labeled for SERPINA5 was correlated with sperm viability (P = 0.05, r2 = 0.44); 
however, neither protein was associated with sire conception rate (SCR; i.e., field 
fertility). Thus, SERPINA5 may be related with sperm protection and/or oocyte 
fertilization while DAG1 may be related to sperm transport or formation of the sperm 
reservoir in the oviduct. Lastly, it was observed that 3) multiple analyses over time in 
capacitation media of viability, zinc signature 2, zinc signature 1 + 2, and dead CD9+ 
were able to estimate differences between low fertility bulls to high and intermediary 
fertility bulls. The inclusion of a viability, a zinc signature, or CD9 protein assay in 
artificial insemination (AI) studs’ quality control measurements may have the potential to 
predict bull fertility; however, a larger number of bulls with known fertility need to be 
evaluated to validate these results. In conclusion, more research is necessary to 
understand: 1) the role of the proteins only identified in epididymis and their role in 
increased sperm longevity; 2) the role of SERPINA5 and DAG1 in vivo; and 3) the 
potential of viability, zinc signature and CD9 protein analyses post sperm capacitation as 









Bull fertility is affected by several factors; in a breeding soundness exam (BSE), 
physical soundness, scrotal circumference and sperm quality are evaluated to predict bull 
fertility (Barth and Oko, 1989; Barth and Waldner, 2002; Barth, 2007; 2018; Koziol and 
Armstrong, 2018). Further, sperm quality may be affected by spermatogenesis, sperm 
maturation, and sperm interaction with testis, epididymis and seminal plasma milieu, 
especially their proteins (Barth and Oko, 1989; Amann and Hammerstedt, 1993; Johnson 
et al., 2000; Barth and Waldner, 2002; Saez et al., 2003; Sullivan et al., 2005; Barth, 
2007; 2018; Saacke, 2008; Caballero et al., 2011; Sullivan and Saez, 2013; Sullivan, 
2016; Dalton et al., 2017; Sullivan and Belleannée, 2017; Amann et al., 2018; Staub and 
Johnson, 2018). Also, when sperm is processed for artificial insemination (AI), semen 
handling plays a very important role in maintaining sperm quality, especially in 
cryopreserved semen, because sperm have to endure the process of freezing and thawing 
(Januskauskas et al., 2001; 2003; Rodriguez‐Martinez, 2003; DeJarnette, 2005; 2012; 
Dalton et al., 2017; Harstine et al., 2018; Dalton, 2019; DeJarnette et al., 2021). In the 
female, vaginal, uterine, and oviductal environment affect sperm transport, 
hyperactivation, capacitation and sperm-egg interaction (Austin, 1951; 1952; 1975; 
Chang, 1951; Yanagimachi, 1994; Suarez, 2006; 2008; 2015; 2016; Suarez and Pacey, 
2006; Sutovsky, 2009; 2018; Florman and Fissore, 2015). Thus, bull fertility and sperm 
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quality are very complex and depend on a multitude of events that must occur in an 
orderly fashion in order for a viable pregnancy to be established. 
Bull fertility has been measured by evaluation of sperm morphology and motility 
for many decades, several tests have been developed during this time to evaluate and 
predict bull fertility; however, bull fertility prediction has not changed considerably and 
most of industry still relies on motility and morphology to predict sperm fertility (Barth 
and Oko, 1989; Utt, 2016; Dalton et al., 2017; Barth, 2018; Harstine et al., 2018; 
DeJarnette et al., 2021). Thus, the development of new fertility markers that can improve 
bull fertility prediction is necessary in order to advance cattle reproduction. 
In this literature review, the objective is to explain the process by which sperm is 
formed (spermatogenesis and sperm maturation), transported and fertilize the oocyte, 
followed by methods of evaluation of bull fertility that will aid in the understanding of 
the objectives and results of the following chapters. Also, physiological factors and 
analysis of sperm characteristics that may influence bull fertility are discussed, in which 
other species such as, but not limited to, guinea pig, human, mice, and porcine were used 
to fill the gaps of physiological knowledge where bovine data is not available. 
 
SPERMATOZOA: FROM SPERMATOGENESIS TO EJACULATION 
 
Under normal physiological conditions, a mammalian animal sex is determined 
by the sperm that fertilizes the oocyte. In bovine, if the fertilizing sperm was bearing an 
Y sex-chromosome, then the calf is deemed to be a male and if the fertilizing sperm was 
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bearing an X sex-chromosome the calf will be a female (Wallis et al., 2008; McGowan et 
al., 2018). Physical sexual differentiation, also, depends on a series of physiological 
events that must occur in order for that genetically male or female calf to become 
phenotypically male or female (Wallis et al., 2008; McGowan et al., 2018).  
In bulls, puberty is defined as the ability to ejaculate at least 50 million sperm 
with a minimum of 10% motile sperm (Wolf et al., 1965). The age that bulls reach 
puberty (Bos taurus) range from 264 to 326 d-old with an average of 294 ± 4 d; while the 
average scrotal circumference and body weight at puberty was described to be 27.9 ± 0.2 
cm and 273 ± 4 kg, respectively (Lunstra et al., 1978; Harstine et al., 2015). The 
reproductive anatomy of the bull, that is considered normal anatomy, includes two 
symmetrical testes, epididymides, vas deferens (ductus deferens), spermatic cords, 
ampullae, vesicular glands, and bulbourethral glands, also, one prostate gland (corpus and 
disseminate) and a fibroelastic penis with a sigmoid flexure (Ashdown and Hancock, 
1974; Chenoweth and Kastelic, 2007; Barth, 2013; Koziol and Armstrong, 2018). The 
testes, and epididymides are located outside the abdominal cavity, suspended in the 
scrotum which is necessary for thermoregulation and normal spermatogenesis (Ashdown 
and Hancock, 1974; Barth, 2007; 2013; Chenoweth and Kastelic, 2007; Koziol and 
Armstrong, 2018).  
The anatomy of testis parenchyma is composed of 70 to 90% Sertoli cells and 
germ cells, while the remainder is composed of Leydig cells, lymph and blood vessels, 
and connective tissue (Johnson et al., 2000; Harstine et al., 2015; Staub and Johnson, 
2018). The seminiferous tubules, where spermatogenesis occur, are drained to the 
mediastinum, located in the central region of the testis (Ashdown and Hancock, 1974). 
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Sperm are carried from the seminiferous tubules to the epididymis through the rete testis, 
then mediastinum, connected to the head of epididymis by the efferent ducts (White, 
1974). Testicular parenchyma is covered by a connective tissues layer called tunica 
albuginea that is covered by a thin layer of serous membrane called visceral tunica 
vaginalis (Ashdown and Hancock, 1974). Testicular germ cells are protected from blood 
through the blood-testis barrier formed by specialized junctions between Sertoli cells 
which divide the seminiferous tubules into basal and adluminal compartments (Dym and 
Fawcett, 1970; Russell and Griswold, 1993). Spermatogonia lie between Sertoli cells and 
tubule basement membrane, and other germ cell lines are located either in crypts from 
Sertoli cells or in the space between two adjacent Sertoli cells (Dym and Fawcett, 1970; 
Chenoweth and Kastelic, 2007). The number of sperm produced during spermatogenesis 
is directly correlated with the number of Sertoli cells (Hochereau-de Reviers et al., 1987). 
Spermatogenesis is a series of processes by which a round diploid cell 
(spermatogonia stem cell) goes through until it becomes a very specialized haploid cell 
(spermatozoon) that contains a head and a flagellum (Ortavant, 1959; Amann, 1962; 
Barth and Oko, 1989; Staub and Johnson, 2018). Spermatogenesis is under endocrine 
control of the hypothalamus-pituitary-gonadal axis, mainly through gonadotropin 
releasing hormone (GnRH), follicle-stimulating hormone (FSH) and luteinizing hormone 
(LH), and testosterone from hypothalamus, anterior pituitary and gonads, respectively 
(Niswender et al., 1974; Amann and Schanbacher, 1983; Bardin et al., 1994; Hall, 1994; 
Sharpe, 1994; Smith and Walker, 2015). The hypothalamus secretes GnRH which 
stimulates the production and release of FSH and LH from the anterior pituitary gland, 
these protein hormones then act on Sertoli and Leydig cells in the testis, respectively, 
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which stimulates the production of androgen-binding protein (ABP), inhibin and activin 
in Sertoli cells and testosterone in Leydig cells (Niswender et al., 1974; Amann and 
Schanbacher, 1983; Bardin et al., 1994; Hall, 1994; Sharpe, 1994; Smith and Walker, 
2015). Testosterone secreted in the blood by Leydig cells has negative feedback to the 
level of the pituitary decreasing the secretion of LH, also, an elevated level of 
testosterone has a negative feedback to the level of hypothalamus and pituitary to 
suppress the release of GnRH and LH, respectively (Amann and Schanbacher, 1983; 
Smith and Walker, 2015). Sertoli cells secrete large quantities of ABP in the lumen of 
seminiferous tubules, this protein binds to testosterone and maintains elevated 
concentrations of testosterone inside the seminiferous tubules which is necessary for 
normal spermatogenesis (Bardin et al., 1994; Sharpe, 1994; Smith and Walker, 2015). 
Sertoli cells, also, produce inhibin that is released in the blood and acts as a direct 
inhibitory factor on the anterior pituitary for FSH secretion, and activin that stimulates 
the secretion of FSH from the anterior pituitary (Bardin et al., 1994; Sharpe, 1994; Smith 
and Walker, 2015). 
Spermatogonia stem cells go through several mitotic divisions to form A 
spermatogonia, intermediate spermatogonia, and B spermatogonia (depicted in Fig. 1.1). 
Then preleptotene spermatocytes are formed from B spermatogonia and move from the 
basement membrane of seminiferous tubules to the adluminal portion where they go 
through cell differentiation (preleptotene, leptotene, zygotene, pachytene and diplotene, 
respectively) before meiotic division and morphological changes occur and it becomes a 
spermatozoon (Fig. 1.1). These processes are specifically called spermatocytogenesis, 




Figure 1.1. Diagram representing the steps of spermatogenesis in the seminiferous 
tubules of the bull. Spermatocytogenesis happen in the basal compartment of the tubules 
with migration of preleptotene spermatocyte to the adluminal compartment of tubules 
inside the blood-testis barrier (dashed line) where meiosis and spermiogenesis occur 
(Adapted from Ortavant, 1959; Amann, 1962; Curtis and Amann, 1981; Amann and 
Schanbacher, 1983; Johnson et al., 2000; Staub and Johnson, 2018).  
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Curtis and Amann, 1981; Amann and Schanbacher, 1983; Johnson et al., 2000; Smith and 
Walker, 2015; Staub and Johnson, 2018). Spermiogenesis is divided into four phases, 
Golgi, cap, acrosomal, and maturation, respectively, and ends with spermiation which is 
the release of sperm from Sertoli cells to the lumen of seminiferous tubules (Barth and 
Oko, 1989; Goossens and Tournaye, 2017). 
In the bull, it takes 21, 23 and 17 d for spermatocytogenesis, meiosis and 
spermiogenesis, respectively, to occur which total 61 d for a round diploid spermatogonia 
to become a mature spermatozoon (Amann, 1962; Curtis and Amann, 1981; Amann and 
Schanbacher, 1983; Johnson et al., 2000; Chenoweth and Kastelic, 2007; Staub and 
Johnson, 2018). Spermatogenesis happens in cycles which was described at the end of the 
19th century (reviewed by Lonergan, 2018; Staub and Johnson, 2018). In the bull, it has 
been demonstrated that each cycle has eight (Ortavant, 1959; Amann, 1962) or 12 stages 
(Berndston and Desjardins, 1974) that take 13.5 d to be completed, independent of 
classification, and 4.5 cycles for full spermatogenesis (from a round spermatogonia to 
spermiation), thus completing the 61 d of spermatogenesis (Ortavant, 1959; Amann, 
1962; Berndston and Desjardins, 1974; Amann and Schanbacher, 1983). 
Spermatozoa are then released into the lumen of the seminiferous tubules 
(spermiation) and further matured while traversing through the epididymis (Amann and 
Schanbacher, 1983; Barth and Oko, 1989; Robaire and Hinton, 2015). In the efferent 
ducts (connection from rete testis to epididymis) and initial portion of the head of 
epididymis most of the testicular fluid is resorbed and sperm is concentrated (Amann and 
Schanbacher, 1983). At this point, most of the cytoplasm of the sperm has been removed, 
however, a small portion is still retained as a proximal droplet (Barth and Oko, 1989). 
8 
 
During the transit of sperm through head and body of the epididymis, proximal droplets 
are moved to a distal position, sperm also acquire progressive motility and fertilizing 
capacity at the end of corpus and beginning of epididymal tail, while sperm chromatin is 
further and tighter condensed with replacement of histone for protamine (Igboeli and 
Foote, 1968; Balhorn, 1982; Acott et al., 1983; Amann and Schanbacher, 1983; 
Pholpramool et al., 1985; Barth and Oko, 1989; Goossens and Tournaye, 2017). The 
epididymis has several cytological divisions; however, the three main distinct functional 
divisions are the head (or caput), body (or corpus), and tail (or cauda) which are 
stimulated by androgens that promote protein secretion (Amann and Schanbacher, 1983; 
Goyal, 1985; Cooper et al., 1986; Robaire and Viger, 1995; Robaire and Hinton, 2015). 
The transit through the epididymis takes approximately 8 to 11 d which is divided into 2 
to 3 d for passage through the head, 2 to 3 d through the body and 4 to 5 d through the tail 
(Koefoed-Johnsen, 1960; Amann and Schanbacher, 1983; Barth and Oko, 1989). The 
epididymal epithelium is mostly composed of principal cells (~85%) with a highly active 
protein secretion activity, other cells present in the epididymis are clear cells, basal cells, 
and halo cells (Hermo et al., 1991; Belleannée et al., 2012; Sullivan and Belleannée, 
2017). Principal cells have pseudociliary projections that optimize protein secretion while 
tight junctions connect these cells forming a blood-epididymal barrier, similar to what 
happens in the testis, which allow the formation of a unique intraluminal environment 
and provide immune protection for sperm (Cyr, 2011; Belleannée et al., 2012; Sullivan, 
2016). 
Sperm become dependent on their environment to survive and function, because 
during final maturation, sperm lose their ability to biosynthesize, repair, grow and divide, 
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and become very simple in their metabolic function (Hammerstedt, 1993). A remarkable 
characteristic of the epididymis is the variability in the protein content of the epididymal 
fluid through different regions (Cooper, 1998; Dacheux et al., 2009; Belleannée et al., 
2011). A subset of proteins released in the epididymal fluid were believed to be added to 
the sperm while others are modified or removed (Cooper, 1998). Extracellular 
microvesicles are released in the lumen of epididymis, these microvesicles are named 
epididymosomes and play a role on sperm protein modification (Yanagimachi et al., 
1985; Frenette et al., 2002; 2003; Saez et al., 2003; Sullivan et al., 2007; Caballero et al., 
2011). Goyal (1985) reported the presence of vacuoles in the cytoplasm of principal cell 
and suggested that these vacuoles may be associated with exocytosis, this may have been 
the first description of epididymosomes in bovine. There is evidence of other molecules, 
beside proteins, being transported, modified, and incorporated (intracellular or to the 
membrane) to the sperm by epididymosomes during epididymal transit, such as 
microRNA, and phospholipids (Sullivan and Saez, 2013; Sullivan, 2016; Sullivan and 
Belleannée, 2017), however, this literature review will focus only on proteins.  
Epididymosomes from the head and tail epididymis were reported to have 555 
and 438 proteins, respectively, which 231 were common between the two regions 
(Girouard et al., 2011). Some of the proteins in epididymosomes are involved in sperm 
maturation, as these proteins have been reported to be involved with sperm-egg 
interaction and sperm motility (Frenette et al., 2003; Girouard et al., 2011). Further, 
epididymosomes contain enzymes involved in glycosylation and in the acquisition of the 
glycosylphosphatidylinositol-anchoring (GPI-anchoring) process (Girouard et al., 2011). 
It has also been reported that epididymosomes molecules transfer to the maturing sperm 
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was mediated by CD9-positive vesicles (Caballero et al., 2013). Epididymosomes-
associated proteins that have been demonstrated to be transferred to the bull sperm that 
are involved with fertilization included: P25b (Frenette and Sullivan, 2001), sperm 
adhesion molecule 1 (SPAM1; Morin et al., 2005; 2010; Martin-DeLeon, 2006), and 
glioma pathogeneses-related protein 1 (GPR1L1; Caballero et al., 2012). Other proteins 
have also been reported to be transferred to the sperm using epididymosomes, such as, 
ubiquitin, macrophage migration inhibitory factor (MIF), and other (Sutovsky et al., 
2001; Frenette et al., 2003; Sullivan and Saez, 2013; Sullivan, 2016; Sullivan and 
Belleannée, 2017). During epididymal transit, proteins are incorporated to the sperm not 
only by epididymosomes, these proteins secreted by epididymal epithelial cells can be 
loosely attached to the sperm by electrostatic interactions, while other proteins can be 
GPI-anchored (may or may not involve epididymosomes) or behave as integral 
membrane proteins (Kirchhoff, 1994; Kirchhoff and Hale, 1996; Cooper, 1998; Saez et 
al., 2003; Sullivan, 2016). 
As previously described, sperm that reach the tail of epididymis are mature and 
have acquired motility and fertilizing capacity (sperm still needs to go through 
capacitation to be able to fertilize an oocyte; sperm capacitation will be discussed in 
detail within later sections), thus the tail of the epididymis serves as a reservoir of ready 
to be ejaculated sperm (Amann and Schanbacher, 1983). A study with ovine 
demonstrated that embryo survival was greater from sperm obtained from the tail versus 
the end of the body of the epididymis (Fournier-Delpech et al., 1979) suggesting that 
further maturation occurs in the beginning of the epididymis tail that supports embryo 
survival. Epididymal tail may store viable sperm of an equivalent to 7 d of daily sperm 
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production (Amann and Schanbacher, 1983; Chenoweth and Kastelic, 2007), this is 
possible because sperm are maintained in a quiescent mode until they are ejaculated 
(Acott and Carr, 1984; Carr and Acott, 1984). As reviewed by Jones and Murdoch 
(1996), sperm metabolism and motility, in the epididymis, has been reported to be 
controlled by Ca2+, cyclic adenosine monophosphate (cAMP), and pH as intracellular 
messengers, however, no first messenger has been identified. Epididymal fluid pH range 
from 5.8 to 6.8 in bulls, further, lower pH has been reported to inhibit sperm motility 
while greater pH improved sperm motility (Wales et al., 1966; Acott and Carr, 1984; Carr 
et al., 1985). Uterine pH decreased (~7.1 to ~6.8) at the initiation of standing estrus 
(Elrod and Butler, 1993) and was also decreased in animals that exhibited standing estrus 
(~6.8) prior to fixed-time AI compared to animals not exhibiting standing estrus (~7.1; 
Perry and Perry, 2008a, b). Estrus expression prior to fixed-time insemination increased 
the number of spermatozoa that reached the site of fertilization (Larimore et al., 2015) 
and had a linear relationship with pregnancy success (Grant et al., 2011). It is 
hypothesized that the decrease in pH at onset of estrus would increase sperm longevity 
and the rise in pH prior to ovulation would increase sperm motility (Perry and Perry, 
2008a, b).  
During ejaculation, epididymal sperm is mixed with seminal fluid from the 
accessory sex glands while epididymal fluid that kept sperm in a quiescent mode is 
diluted, consequently, sperm motility increased to a predominantly progressive motility 
pattern (Cheng et al., 1947; 1949; Acott and Carr, 1984; Carr and Acott, 1984). It has 
been reported that besides dilution of epididymal fluid, seminal plasma proteins, 
originated from the accessory sex glands, are attached to the sperm during ejaculation 
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(Gwathmey et al., 2003; 2006). Similar to epididymal fluid, seminal plasma has 
extracellular microvesicles, called prostasomes, due to its first description from human 
prostate secretion (Ronquist et al., 1978a, b); prostasomes have been described in bull 
semen as well; however, its source is the seminal vesicles instead of the prostate 
(Agrawal and Vanha-Perttula, 1987; Frenette and Sullivan, 2001). Prostasomes are 
important for protein transfer to the sperm when epididymal sperm get in contact with 
seminal plasma from the accessory sex glands. Several proteins are transferred to bull 
sperm through prostasomes during ejaculation, for example, P25b, MIF, and BSP1 
(Girouard et al., 2008); however, prostasomes have been studied further in humans. In 
humans, prostasomes have been reported to work on sperm protection against immune 
system complement attack, increase sperm motility, influence sperm capacitation, and 
plasma membrane stabilization (Stegmayr and Ronquist, 1982; Rooney et al., 1993; 
Carlsson et al., 1997; Cross and Mahasreshti, 1997; Saez et al., 2003). In proteomic 
analysis of bulls’ accessory sex glands fluid, it was reported that high fertility bulls had 
increased concentration of osteopontin and phospholipase A2 (Moura et al., 2006). 
Osteopontin has been suggested to work on fertilization and the block of polyspermy 
(Erikson et al., 2007), while phospholipase A2 is involved with acrosome reaction, 
sperm-egg fusion, and possibly sperm motility (Yuan et al., 2003; Bao et al., 2004). 
Further, protein concentration in human semen has been associated with unexplained 
male infertility (Panner Selvam et al., 2019). It was reported that surface protein Sp17 
(SPA17) and plasma serine protease inhibitor (SERPINA5) were lowly expressed and 
annexin A2 (ANXA2) was overexpressed in infertile men compared to fertile men 
(Panner Selvam et al., 2019). In mice, SERPINA5 has been reported to influence male 
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fertility, since knock out mice for SERPINA5 had only 5% morphologically normal 
sperm and 12.5% motile sperm, also, in vivo and in vitro pregnancy rates were 0.5% and 
0%, respectively (Uhrin et al., 2000). The ability of human sperm to bind to human zona 
pellucida was evaluated in the presence of different concentrations of anti-SERPINA5 or 
SERPINA5 in the media (Elisen et al., 1998). It was reported that lower concentrations of 
anti-SERPINA5 increased the ability of sperm to bind to the zona pellucida; however, an 
increase of SERPINA5 concentration in the media decreased the ability of sperm to bind 
to the zona pellucida (Elisen et al., 1998). Another member of the serine protease 
inhibitor (SERPIN) superfamily called glia-derived nexin or protease nexin 1 
(SERPINE2) that is secreted by seminal vesicles, has been reported to act as a 
decapacitating factor in mice (Lu et al., 2011). Another protein that has been described to 
be present in the human seminal plasma was dystroglycan (DAG1), but this protein has 
not been reported to be present in human sperm (Jodar et al., 2016). In mice and guinea 
pig, DAG1 has been reported to be present in the tail middle piece and post-acrosomal 
region (Hernández-González et al., 2001; 2005). Further, mice with DAG1 deficiency in 
the sperm had decreased percentage of morphologically normal sperm compared to mice 
with normal DAG1 (Hernández-González et al., 2005). 
In summary, a round spermatogonia stem cell goes through a series of changes to 
make highly differentiated cells that have head and flagellum, spermatozoa. After its 
formation, sperm go through further maturation, especially in the protein content of both 
head and tail, that allow sperm to become motile, traverse the female barriers, undergo 
hyperactivation and capacitation, and fertilize an oocyte. Upon ejaculation, epididymal 
sperm is diluted with seminal plasma and another change in the sperm proteomics occur 
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which increase sperm ability to survive and navigate through the female reproductive 
tract and form the sperm reservoir as will be discussed in the following section. 
 
SPERMATOZOA: FROM EJACULATION TO FERTILIZATION  
 
Sperm transport through the female reproductive tract 
Sperm interacts with the female reproductive tract in two main ways: physical and 
molecular. Physical interaction is related to the swimming response of the sperm through 
the cervix, uterus and oviduct microarchitectures of the wall and fluids (flow and 
viscoelasticity; Suarez, 2016). Molecular interaction involves the interaction of sperm 
surface molecules such as proteins and glycoproteins with their receptor in the epithelial 
lining of the tract (Suarez, 2016). 
Following natural service, a bull deposits semen in the anterior vagina. Sperm 
must then travel from the anterior vagina to the uterus through the cervix. When a female 
is in estrus the cervix produces mucus. This mucus production is regulated by several 
mucin genes (Pluta et al., 2012), and this mucus is believed to assist in sperm orientation 
with sperm orienting themselves along the long axis of threads (Tampion and Gibbons, 
1962). In vitro experiments demonstrated that sperm swim against the fluid flow 
(rheotaxis) in viscoelastic fluids (mucus) at a specific range (2 to 5 µL/min), however, 
below (≤ 1 µL/min) that range sperm swimming was unaffected (maintained a random 
pattern) and above (> 5 µL/min) sperm were swept downstream (Miki and Clapham, 
2013; Kantsler et al., 2014; Tung et al., 2014; 2015). In addition to mucosal flow, the 
bovine cervix has microgrooves which are believed to provide a safe pathway for sperm 
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toward the uterus, protecting sperm from strong estrus outward mucosal flow (Mullins 
and Saacke, 1989). This hypothesis is supported by previous findings (Mattner, 1968) 
which identified that half of the sperm inseminated after natural mating were recovered 
by flushing the cervix of cows and goats and the other half was found in mucosal grooves 
in the cervix. These grooves are also believed to provide protection to the sperm against 
the female immune system, specifically leukocytes (Mattner, 1968). The hypothesis 
proposed by Mullins and Saacke (1989) was latter demonstrated within an in vitro study 
which sperm entered microgrooves when a flow was applied and sperm continued 
swimming against the flow (Tung et al., 2015). 
After entering the uterus, sperm need to travel to the oviduct. Sperm transport 
through this part of the female reproductive tract has been divided into two types, rapid 
phase and prolonged phase (Overstreet and Cooper, 1978; Overstreet et al., 1978; Hawk, 
1983). In rapid sperm transport, sperm is likely moved to the oviduct through uterine 
contractions (VanDemark and Hays, 1952), as demonstrated by pro-ovarian contraction 
of the myometrium layer closer to the lumen of the uterus in women during follicular 
phase (Lyons et al., 1991). Sperm have been found in the oviduct of cattle as soon as 3 or 
4 min after AI or natural mating (Moeller and VanDemark, 1951; VanDemark and 
Moeller, 1951). When sperm transported by rapid transport were evaluated in rabbits, 
most of the sperm were nonmotile, had damaged membranes, and were most likely dead 
(Overstreet and Cooper, 1978). Thus, it is unlikely that any sperm found in the oviduct 
due to rapid phase transport participates in fertilization (Hunter and Wilmut, 1984; 
Wilmut and Hunter, 1984). In the cow, the uterine body and uterine horn are 
approximately 23 – 44 cm long. Sperm would take approximately 30 min to 1 h to reach 
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the oviduct with an average swimming rate of 7 mm/min (aqueous media) or 3 mm/min 
(viscoelastic media; Tung et al., 2015) and swimming in a straight line. Taking the length 
of the uterus and sperm swimming speed into consideration, it is unlikely that sperm 
found in the oviduct prior to 30 min to 1 h would have reached the oviduct through self-
propulsion (swimming). During the prolonged phase of sperm transport, it is believed that 
sperm reach the oviduct through swimming rather than myometrial contractions. It has 
been reported that sperm take approximately 8 to 12 h to reach the oviduct in sufficient 
quantities to sustain normal fertilization rates (Hunter and Wilmut, 1984; Wilmut and 
Hunter, 1984). Several studies have evaluated sperm transport through the cattle 
reproductive tract (Mattner, 1968; Dobrowolski and Hafez, 1970; Suga and Higaki, 1971; 
Larsson and Larsson, 1985; Mitchell et al., 1985). Heifers AI’ed in the exterior cervical 
os with 2 billion sperm had 24,000, 200,000, and 15,000 sperm in the oviduct at 1, 8 and 
24 h, respectively (Dobrowolski and Hafez, 1970). Cows AI’ed with 300 million sperm 
in the uterine body had 30,000, 142, 21, 194, 319 sperm in the oviduct at 3 to 30 min, 30 
to 60 min, 1 to 2 h, 2 to 3 h, and 3 to 5 h post insemination, respectively (Suga and 
Higaki, 1971). Cows AI’ed with 1 billion or 412 million sperm in the uterine body had 
30,000 and 8,000 sperm in the oviduct at 12 h post insemination, respectively (Mitchell et 
al., 1985). In combination, these studies demonstrate that the number of sperm decreases 
from the site of sperm deposition as it moves in the female’s reproductive tract toward 
the site of fertilization, from billions or millions of sperm inseminated to tens to hundreds 




Except for during rapid phase transport, when sperm is assumed to pass through 
the utero-tubular junction (UTJ) by myometrial contraction, sperm passage through UTJ 
is believed to be highly regulated, especially through protein interactions. The entrance of 
UTJ in cattle has several mucosal folds that make it very difficult for sperm passage 
(Wrobel et al., 1993). Large and small mucosal folds form blind pockets with openings 
that face towards the uterus (Yániz et al., 2000), and are very small (Suarez et al., 1997), 
thus creating a complex maze that sperm need to interact with and traverse. The passage 
through the UTJ has been reported, in hamsters, to be optimized by sperm progressive 
motility (Shalgi et al., 1992). However, male mice lacking the proteins: calmegin 
(CLGN; Ikawa et al., 1997; Yamagata et al., 2002), a testis-specific angiotensin 
converting enzyme (ACE; Krege et al., 1995; Hagaman et al., 1998), a desintegrin and 
metalloprotease 3 (ADAM3; Yamaguchi et al., 2009), fertilin β (ADAM2; Cho et al., 
1998), ADAM1a (Nishimura et al., 2004), calsperin (CALR3; Ikawa et al., 2011), tyrosyl 
protein sulfotransferase-2 (TPST2; Marcello et al., 2011) or protein disulfide isomerase 
(PDILT; Tokuhiro et al., 2012) were infertile. The reason for infertility in these mice was 
an inability of sperm to pass through the UTJ regardless of normal motility and 
morphology. All the proteins aforementioned have been reported to directly or indirectly 
influence ADAM3 correct placement in the membrane (Suarez, 2015). Nevertheless, 
Fujihara et al. (2014) identified that knockout mice that lacked lymphocyte antigen 6K 
(LY6K) had normal distribution of ADAM3; however, sperm were unable to pass 
through the UTJ. Taken together, the required molecule for mice sperm to enter the UTJ 
is not yet known, even though ADAM3 seems a very important molecule in this process. 
Also, these results prove that sperm passage through the UTJ is regulated, most likely 
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through protein interactions and motility alone is not sufficient for sperm to enter the 
oviduct, at least in mice.  
The passage from the uterus to the oviduct in bovine has not been studied in detail 
as it has in mice; however, conserved mechanisms regulating the passage through the 
UTJ between mice and bovine is possible. After entering the oviduct, sperm interact with 
cells of oviductal isthmus to form a sperm reservoir. The sperm reservoir was first 
described in hamsters (Yanagimachi and Chang, 1963) and was first described in cattle 
by Hunter and Wilmut (1984) then characterized by Lefebvre et al. (1995). The oviduct 
provides a safe place for sperm. Unlike the vagina, cervix and uterus, leukocyte 
infiltration in the oviduct following insemination was not present (Rodriguez‐Martinez et 
al., 1990). Besides protection against leukocytes, when sperm are bound to the oviductal 
epithelial cells, sperm viability is maintained for longer periods of time with fertilization 
ability having been estimated to be approximately 30 h (Pollard et al., 1991; Chian and 
Sirard, 1995). Similar to what has been reported for sperm to enter the oviduct, sperm 
interaction with oviductal isthmus is regulated by protein interactions. The exact proteins 
that sperm interact with in the oviduct are not fully understood, however, it is known that 
sperm interact with carbohydrate molecules attached to protein(s) in the oviductal 
epithelial wall to form the sperm reservoir (Lefebvre et al., 1997; Suarez et al., 1998). 
Annexins have been proposed to be the receptor for bull sperm in the oviduct (Ignotz et 
al., 2007). They have been identified on the surface of oviductal epithelial cells (Ignotz et 
al., 2007) which is the region sperm bind to (Lefebvre et al., 1995) and antibodies against 
annexins reduced sperm binding in vitro (Ignotz et al., 2007). 
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On the sperm, proteins related to bovine sperm interaction with the oviductal 
epithelial cells are Binder of Sperm Proteins (BSP; Ignotz et al., 2001; Gwathmey et al., 
2003; 2006). These proteins are attached to the sperm membrane during ejaculation when 
epididymal sperm come into contact with seminal plasma, especially secretions from the 
seminal vesicles which are abundant in BSP (Desnoyers and Manjunath, 1992; Müller et 
al., 1998; Nauc and Manjunath, 2000). Nevertheless, epididymal sperm can bind to 
oviductal cells but in very low numbers; however, when epididymal sperm were 
incubated with BSP1 prior to incubation with oviductal cells, the number of epididymal 
sperm binding to oviductal cells increased similar to that observed with ejaculated sperm 
(Gwathmey et al., 2003). Furthermore, it has been demonstrated that BSP1 increased 
sperm viability by stabilizing the plasma membrane, decreasing membrane fluidity and 
immobilizing cholesterol (Greube et al., 2001; Müller et al., 2002). 
To reach the site of fertilization sperm need to detach from the oviduct and travel 
to the ampullary region of the oviduct where fertilization occurs. It has been reported that 
sperm bind with the same affinity to oviductal epithelial cells during different stages of 
the estrous cycle (Lefebvre et al., 1995), thus the process of sperm detachment from the 
oviduct is likely to occur through sperm changes rather than oviductal changes in 
receptor abundance (Suarez and Pacey, 2006). Sperm capacitation may play a key role in 
detachment from the oviduct, more specifically, surface protein modification and sperm 
hyperactivated motility. When bull sperm were capacitated prior to incubation with 
oviductal epithelial cells, the number of sperm that bound to epithelial cells was 
significantly reduced compared to non-capacitated sperm (Lefebvre and Suarez, 1996) 
and similar results were reported in hamsters (Smith and Yanagimachi, 1991). In bovine, 
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sperm were not hyperactivated (Lefebvre and Suarez, 1996); thus, Lefebvre and Suarez 
(1996) concluded that sperm capacitation decreased binding affinity to the oviduct; 
however, only hyperactivated sperm were observed detaching from the oviduct in mice 
(Demott and Suarez, 1992; Chang and Suarez, 2012). Together, the release of the sperm 
from the oviduct is likely due to both sperm capacitation and hyperactivated motility 
providing the pulling force necessary for detachment. Chang and Suarez (2012) 
demonstrated that mouse sperm moved forward towards the ampulla by detaching and 
attaching again to the oviductal epithelium, the detachment was aided by oviductal 
contraction, but contractions were not required for sperm release, these findings agree 
with Lefebvre et al. (1995) who reported that in vitro bull sperm attached to ampullary 
and isthmus epithelial cell with similar affinity. 
Closer to the time of ovulation, the oviduct secretes molecules that enhance sperm 
capacitation (Parrish et al., 1985; 1988; 1989; Mahmoud and Parrish, 1996; Bergqvist et 
al., 2006). Capacitation is a required process that sperm must undergo in order to acquire 
the ability to undergo the acrosome reaction and fertilize the oocyte (Austin, 1951; 
Chang, 1951). Glycosaminoglycan substances are secreted by the oviduct which induced 
changes in the sperm that leads to sperm capacitation (Handrow et al., 1982; Parrish et 
al., 1988; Bergqvist et al., 2006). Sperm proteins BSP3 and BSP5 have heparin (i.e., 
glycosaminoglycan) binding sites (Gwathmey et al., 2006) and there is evidence that 
BSP1 is removed from sperm during capacitation (Thérien et al., 2001). Altogether, 
changes in sperm during capacitation together with hyperactivation aid in the sperm 
detachment and transport through the oviduct from the sperm reservoir to the site of 
fertilization in the ampulla. 
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Sperm hyperactivation, capacitation and fertilization 
Mature epididymal or ejaculated spermatozoa do not have immediate capacity to 
fertilize an oocyte. It was described that sperm needed to reside in the female 
reproductive tract for approximately 5 h before fertilization could occur (Austin, 1951; 
Chang, 1951), these were the first reports of what was later called sperm capacitation 
(Austin, 1952). One of the classic measures of sperm capacitation was by oocyte 
fertilization, since only capacitated sperm are capable of fertilizing an oocyte; however, 
some capacitated sperm are still not able to fertilize an oocyte (Yanagimachi, 1994). 
Sperm capacitation is stimulated by different molecules in different species and is 
temperature sensitive (Bedford, 1970; Yanagimachi, 1994); for example, a temperature of 
37 to 38 ºC is adequate to support sperm capacitation in most species in vitro; however, 
swine and ovine seem to benefit when temperatures are elevated closer to body 
temperature 39 ºC (Yanagimachi, 1994). Thus, sperm hyperactivation, capacitation and 
oocyte fertilization described herein will focus on bovine with knowledge of other 
species when necessary.  
Capacitated sperm have gone through biochemical modifications that allow sperm 
to undergo the acrosome reaction when in contact or stimulated by the zona pellucida, 
cumulus cells, or other substances associated with in vitro or in vivo (ovulated) matured 
oocytes (Yanagimachi and Usui, 1974; Florman and First, 1988a; Parrish, 1989; 
Mahmoud and Parrish, 1996). Sperm capacitation is a terminal event that leads to oocyte 
fertilization or sperm death (Suarez, 2016). It was believed that sperm capacitation and 
sperm hyperactivation belonged to the same cascade of events; however, sperm 
hyperactivation has been demonstrated to be independent of capacitation (Lefebvre and 
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Suarez, 1996; Marquez and Suarez, 2004). When bull sperm was incubated with caffeine 
or procaine, hyperactivation was induced; however, sperm did not become capacitated 
(Ho and Suarez, 2001a, 2003). Sperm hyperactivation is characterized by changes in 
flagellar (tail) beating which has an increased bending amplitude and asymmetric 
movement, causing sperm to swim in circular pattern, in aqueous media, resulting in loss 
of progressive motility (Yanagimachi, 1994). Also, sperm hyperactivation increased the 
ability of sperm to swim through mucus, which is present in the oviductal lumen (Suarez 
et al., 1997), and hyperactivation is required for sperm to penetrate the zona pellucida 
(Stauss et al., 1995). Additionally, hyperactivation has been reported to be involved in 
sperm release from the oviductal reservoir, at least in mice (Demott and Suarez, 1992). 
Nevertheless, sperm hyperactivation is transient and sperm can switch from progressive 
to hyperactivated motility and back to progressive (Suarez and Osman, 1987; Suarez et 
al., 1987) while sperm capacitation is not reversible. 
The mechanism that regulates sperm hyperactivation is complex; however, sperm 
hyperactivation is dependent on Ca2+ (Ho and Suarez, 2001b; Ho et al., 2002; Marquez 
and Suarez, 2007). Intracellular levels of Ca2+ regulates sperm motility, when 
intracellular Ca2+ is elevated (~100 – 400 nM) sperm become hyperactivated (Ho and 
Suarez, 2001b; Ho et al., 2002). It has been reported that Ca2+ acts in combination with 
calmodulin (CALM1) to activate calmodulin kinase II (CAMK2) which are both present 
in the sperm tail (Ignotz and Suarez, 2005). Intracellular concentrations of Ca2+ are 
highly regulated by intracellular storage and membrane channels (Carafoli and 
Crompton, 1978). In sperm, Ca2+ concentrations are regulated through cation channel 
sperm-associated proteins (CATSPER) present on the sperm tail principal piece (Ren et 
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al., 2001; Johnson et al., 2017); CATSPER is a complex of four subunits that are weakly 
voltage-dependent, Ca2+-selective, and pH-sensitive ion channels that control the entry of 
positively charged Ca2+ ions into the sperm (Singh and Rajender, 2015). Increases in 
intracellular pH occurred during sperm capacitation (Parrish et al., 1989; Vredenburgh‐
Wilberg and Parrish, 1995) and induced CATSPER activation (Kirichok et al., 2006). 
Sperm alkalinization can be induced through several pathways such as activation of a 
sperm-specific Na+-H+ exchange regulated by membrane potential (SLC9A10), a 
voltage-sensitive proton channel (HVCN1), and HCO3- (bicarbonate) entry pathways and 
formation (Florman and Fissore, 2015). Also, CATSPER can be activated by 
progesterone, prostaglandins, some odorants, and other small molecules (Florman and 
Fissore, 2015). The intracellular level of Ca2+ was also increased by internal release of 
Ca2+ from the base of the flagellum when inositol 1,4,5-triphosphate receptor (ITPR1) 
and calreticulin receptor (CALR) were stimulated pharmacologically (Ho and Suarez, 
2001b, 2003). These changes in sperm during hyperactivation and capacitation increased 
sperm consumption of energy substrates, producing high levels of adenosine triphosphate 
(ATP) through oxidative phosphorylation (Gibb et al., 2016). Oxidative phosphorylation 
produced reactive oxygen species (ROS), which in moderate concentrations have been 
reported to be involved with triggering the start of the capacitation cascade, most likely 
through involvement in protein modification and activation that leads to Ca2+ uptake and 
increased cAMP (Aitken et al., 2015; Aitken, 2017). At elevated concentrations, ROS can 
cause damage to the sperm, especially chromatin (Aitken et al., 2015; Aitken, 2017). The 
effects of ROS in male reproduction has been well reviewed (Gibb et al., 2020). 
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Sperm capacitation was induced by glycosaminoglycans present in the oviductal 
and follicular fluid, especially by heparin (Lee and Ax, 1984; Parrish et al., 1986; 1988; 
1989; Florman and First, 1988a, b). When sperm was incubated with heparin prior to in 
vitro fertilization, there was an increase in oocyte fertilization (Parrish et al., 1986; 1988). 
It was believed that sperm capacitation occurred by simple removal of decapacitating 
factor (Brackett and Oliphant, 1975); however, it has since been reported to be more 
complex and involves a series of biochemical and biophysical transformations in the 
sperm head and tail. The removal of decapacitating factors is believed to be the first step 
that leads to a series of biochemical events. Sperm lose adsorbed proteins during the first 
steps of capacitation, which stabilizes the plasma membrane (Lefebvre et al., 1995; 1997; 
Lefebvre and Suarez, 1996; Suarez et al., 1998; Ignotz et al., 2001; Gwathmey et al., 
2003; 2006). For example, heparin binds to BSP proteins that are attached to the sperm 
during ejaculation, when epididymal sperm are diluted in seminal plasma (Manjunath and 
Thérien, 2002), and BSP were completely (BSP1, BSP5) or partially (BSP3) removed 
during sperm capacitation (Ignotz et al., 2001; Thérien et al., 2001; Gwathmey et al., 
2003; 2006; Hung and Suarez, 2012), allowing sperm to be released from the sperm 
reservoir. In addition to the loss of decapacitating factors, capacitation encompass 
redistribution of plasma membrane proteins, changes in the amount of certain proteins, 
lipid diffusion, change in phospholipids distribution, affects cholesterol efflux, changes in 
cAMP metabolism, increase in tyrosine phosphorylation, hyperpolarization of the plasma 
membrane, increase of internal pH and Ca2+ influx of sperm head and tail (Davis, 1981; 
Wolf et al., 1986; Carr and Acott, 1989; Zeng et al., 1995; Galantino-Homer et al., 1997; 
Vijayaraghavan et al., 1997; Arnoult et al., 1999; Hess et al., 2005; Boerke et al., 2008; 
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Gadella, 2008; Nixon and Aitken, 2009; Lishko et al., 2012; Parrish, 2014). Additionally, 
Zn2+ has been reported to play a role in sperm capacitation; this role has been discussed 
by several authors (Clapper et al., 1985; Riffo et al., 1992; Andrews et al., 1994; Eickhoff 
et al., 2004; Michailov et al., 2014; Kerns et al., 2018; 2020; Sutovsky et al., 2019). The 
active removal of Zn2+ has been reported to be a prerequisite for sperm capacitation 
(Andrews et al., 1994) and recently it was demonstrated that sperm Zn2+ signature can be 
used to characterize sperm capacitation (Kerns et al., 2018; 2020; Sutovsky et al., 2019). 
Briefly, after losing decapacitating factors, the next step is the efflux of 
cholesterol which increases sperm membrane fluidity (Davis, 1981; Gadella, 2008), 
allowing for an influx of HCO3
+. This increase in HCO3
+, cause an increase in 
intracellular pH, and Ca2+, which regulate the activity of soluble adenylyl cyclase 
culminating in an increase of cAMP (Garty and Salomon, 1987; Vredenburgh‐Wilberg 
and Parrish, 1995; Vijayaraghavan et al., 1997; Arnoult et al., 1999; Hess et al., 2005; 
Lishko et al., 2012). The increase in intracellular cAMP activates protein kinase A (PKA) 
that phosphorylates two types of proteins, protein tyrosine kinases (PTK) and protein 
tyrosine phosphatases (PTP) which activate and inhibit their activities, respectively; thus 
increasing protein tyrosine phosphorylation in the sperm head and tail which is a sperm 
capacitation hallmark (Carr and Acott, 1989; Galantino-Homer et al., 1997; 
Vijayaraghavan et al., 1997; Baker et al., 2006). Low levels of intracellular Zn2+ seems 
necessary for the activation of PKA pathway, stimulated by epidermal growth factor 
receptor (EGFR), leading to protein tyrosine phosphorylation and capacitation; however, 
high levels of Zn2+ are found in sperm that have not started capacitation and complete 
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removal of Zn2+ has been reported to inhibit sperm motility (Michailov et al., 2014; 
Kerns et al., 2018). 
Following these series of events, sperm are hyperactivated and capacitated; thus, 
have acquired the ability to undergo the acrosome reaction. The acrosome reaction is an 
exocytotic process that releases the acrosomal content that aid in sperm passage through 
the cumulus oophorus (remaining granulosa cells surrounding the oocyte) and zona 
pellucida (Florman and First, 1988a, b; Florman et al., 1989; 2004; Dandekar et al., 1992; 
Florman and Fissore, 2015). Similar to the processes of hyperactivation and capacitation, 
there is a rise in intracellular Ca2+ that induces the acrosome reaction which is stimulated 
by sperm interaction with cumulus cells or the zona pellucida (Yanagimachi, 1994; 
Fraser et al., 1995; Florman and Fissore, 2015). Further, the acrosome reaction can be 
activated by G-protein-coupled receptors that induce activation of EGFR through PKA, 
PTK (more specifically SRC) and Zn-dependent metalloproteinases which were reported 
to trigger a downstream effector that culminated in increased intracellular Ca2+ and 
downstream activation of the acrosome reaction (Fraser et al., 1995; Etkovitz et al., 2009; 
Michailov et al., 2014). The zona pellucida is composed of three heavily glycosylated 
proteins ZPA, ZPB, and ZPC, these are homologous proteins to the human ZP2, 
ZP4/ZP3β, and ZP3/ZP3α, respectively, which ZPB and ZPC serve as sperm receptors 
that induce the acrosome reaction (Wassarman, 1990; Yonezawa, 2014) and ZPA/ZP2 is 
believed to be of secondary or sustained sperm-zona binding (Gadella, 2011). In the 
mouse, it was proposed that the acrosome reaction starts during sperm migration through 
the female reproductive tract (La Spina et al., 2016); however, it is not known if that 
happens in bovine. Acrosome reacted sperm, after traversing the zona pellucida, found in 
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the perivitelline space, interacts with the plasma membrane of the oocyte through the 
equatorial region which has oolemma-binding proteins that were exposed during 
acrosomal exocytosis (Cuasnicú et al., 2016). 
In mouse studies, it has been demonstrated that sperm proteins present on the 
equatorial region were required for sperm adhesion or fusion with the oocyte plasma 
membrane. These proteins are equatorin (or MN9 antigen), CD9, and IZUMO1 
(Toshimori et al., 1998; Manandhar and Toshimori, 2001; Inoue et al., 2005; Ito et al., 
2010; Satouh et al., 2012). Also, oocyte JUNO (IZUMO1 receptor), and tetraspanins 
CD9 and CD81 have been demonstrated to be required for mouse fertilization (Kaji et al., 
2000; Le Naour et al., 2000; Miyado et al., 2000; Rubinstein et al., 2006; Bianchi et al., 
2014). The proteins CD9, JUNO and IZUMO1 have been reported to be present on 
bovine gametes (Zhou et al., 2009; Fukuda et al., 2016; Zhao et al., 2018). When zona-
free oocytes were incubated with anti-CD9 antibodies, oocyte fertilization was 
significantly decreased (41.6% vs. 81.3%; Zhou et al., 2009); however, the requirement 
of JUNO and IZUMO1 in bovine fertilization has not been demonstrated. Other proteins 
have also been proposed to be involved with mammalian fertilization either on the oocyte 
or on the sperm, such as ADAM2, ADAM3, cysteine-rich secretory proteins (CRISPs), 
and integrin α6β1; however, their requirement for fertilization has been questionable 
(Sutovsky, 2009). 
After sperm-egg fusion, sperm induce the block of polyspermy that involves 
release of proteases (ovastacin), Zn2+ (called zinc spark), and Ca2+, that acts in zona 
hardening, release of cortical granules and polarization of the oocyte membrane, blocking 
other sperm from penetrating the zona pellucida, adhering or fusing with the oocyte 
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(Florman and Fissore, 2015; Que et al., 2015; Zhang et al., 2016; Bianchi and Wright, 
2020). If fertilization and block of polyspermy are successful, a viable embryo may be 
developed. 
 
BULL FERTILITY EVALUATION 
 
Breeding soundness exam 
The guidelines for the bull breeding soundness examination (BSE) are set by the 
Society for Theriogenology (Koziol and Armstrong, 2018). A bull BSE evaluates the 
physical soundness, estimates sperm production, and assesses the quality of the sperm 
produced. After evaluation, a bull is classified as “Satisfactory potential breeder”, 
“Unsatisfactory potential breeder” or “Classification deferred” (pending a new evaluation 
to be determine by the veterinarian). 
According to the manual for BSE of the bull (Koziol and Armstrong, 2018) the 
physical soundness exam evaluates the bull’s eyes, feet, legs, mouth, scrotum, testes, 
internal and external genitalia, body condition, locomotion, i.e., the bull’s general health. 
A comprehensive physical exam of the bull is not required in a BSE; however, detection 
of physical deficiencies that affects breeding potential of the bull is necessary. For 
example, injury to the eye may affect the bull’s ability to identify sexually active groups 
of females (Geary and Reeves, 1992), feet and leg problems may affect ability to mount 
(serve) females (Barth and Waldner, 2002), and problems with the mouth may affect 
ability to maintain good body condition. Further, optimum body condition score (BCS) 
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for beef bulls prior to a breeding season is between 5 and 7 (score 1 to 9; Whitman, 1975; 
Barth and Waldner, 2002). Bulls developed under high energy diets (80% grain, 20% 
forage) had greater body weight, back fat, and scrotal circumference compared to bulls 
developed under moderate energy diet (100% forage); however, bulls fed high energy 
diet had decreased testicular tone, sperm motility and percentage of morphologically 
normal sperm cells, greater percentage of primary and secondary defects, greater 
testicular temperature, and decreased epididymal sperm reserve (Coulter et al., 1997). 
Effects on sperm quality observed among bulls developed on high-energy diets are 
caused by insulation of the spermatic cord due to fat deposition which decreased the 
ability of the testes to regulate temperature (Kastelic et al., 1996; Coulter et al., 1997). 
The scrotum and its contents should be evaluated by visual observation of the skin 
and testes placement, and by palpation of the spermatic cords, testes, and epididymides. 
A normal scrotum has both testes, with ability to move (not attached to the skin) upward 
(towards the body) and downward (away from the body); spermatic cords should be 
smooth and symmetrical with minimal fat deposition around the scrotum neck. 
Epididymal head should be firm, flattened, U-shaped, approximately 5 mm thick and 
located at the dorsal pole of the testis (closer to the body), epididymal body runs from the 
head to the tail of epididymis along the axial surface, tail of epididymis is located at the 
bottom of the testis and represents the storage of sperm ready to be ejaculated (Koziol 
and Armstrong, 2018). Testes should be symmetrical (both testes should be of similar 
sizes), turgid but resilient (similar tone to a semi-flexed forearm), free of swelling and not 
sensitive to the touch (Koziol and Armstrong, 2018). These evaluations are followed by a 
scrotal circumference evaluation. Animals under 15 mo of age should have a scrotal 
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circumference greater than 30 cm, animals between 15 and 18 mo of age should have at 
least 31 cm, 18 and 21 mo of age 32 cm, 21 and 24 mo of age 33 cm, and animals greater 
than 24 mo of age should have scrotal circumference above 34 cm to be classified as 
“Satisfactory potential breeder” (Koziol and Armstrong, 2018). This is because testis 
continually grow until the animal is 4-yr old, with approximately 90% of the testicular 
growth occurring up until 24 mo of age (Coulter, 1986). Also, scrotal circumference has 
been reported to be positively correlated with age of puberty of female offspring (Toelle 
and Robison, 1985). Further, scrotal circumference is a reliable measure to estimate daily 
sperm production (greater scrotal circumference equals greater daily sperm production), 
progressive motile sperm (greater scrotal circumference equals greater percentage of 
sperm with progressive motility), epididymal reserves (greater scrotal circumference 
equals greater epididymal reserve), and primary sperm abnormalities (greater scrotal 
circumference equals lower number of sperm with primary morphological abnormalities; 
Almquist et al., 1976; Coulter and Foote, 1979; Smith et al., 1981; Kastelic et al., 2001; 
Silva et al., 2013).  
Following physical and scrotal examination, the next step in a breeding soundness 
exam is the evaluation of the accessory sex glands through transrectal palpation (Koziol 
and Armstrong, 2018). This should be accomplished prior to electroejaculation, one 
should evaluate prostate gland, vesicular gland (seminal vesicles), and ampullae. This is 
also the order of appearance when transrectally palpating, it is important to notice that 
bulls possess bulbourethral gland, and a disseminate portion of prostate that are not 
palpable. The corpus prostate (palpable section of bull’s prostate) has been reported to 
feel like a “ring on a giant’s finger” located caudally to the vesicular gland and ampullae 
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(Koziol and Armstrong, 2018). Vesicular glands are 8 to 15 cm long and 2 to 3 cm thick 
located craniolaterally to the corpus prostate (bilateral) and lateral to the neck of the 
bladder and ampullae, it should be uniform in size, turgid, lobulated, and movable (Barth, 
2013). Normal ampullae (bilateral) are 10 to 15 cm long with 5 to 8 mm diameter each, 
which can be felt cranial to the corpus prostate; however, they are not very distinct 
structures to palpate (Barth, 2013; Koziol and Armstrong, 2018). Lastly, the inguinal ring 
should be evaluated, which normal structure should allow the entrance of one to two 
fingers and rarely three (Koziol and Armstrong, 2018). Also, the massage of accessory 
sex gland may enhance the ability of semen collection through electroejaculation (Koziol 
and Armstrong, 2018). 
Semen can be collected by several methods, including electroejaculation, artificial 
vagina, vaginal aspiration, and transrectal massage (Seidel Jr and Foote, 1969a, b; Barth 
et al., 2004; Palmer et al., 2005; Barth, 2007). Semen evaluation should consist of visual 
observation of color, semen should be free of urine and blood, normal color ranges from 
white creamy to a skim-milk like color and some breeds such as Jersey and Angus may 
present a light-yellow to gold color (Koziol and Armstrong, 2018). Sperm concentration 
may be assessed by a hemocytometer (“gold standard”), spectrophotometer, flow 
cytometer, computer-assisted sperm analysis (CASA), and others (DeJarnette, 2012). 
Followed by motility and morphology evaluation, sperm motility should be above 30% 
progressive motile evaluated by a microscope (bright field or phase-contrast) in a 
subjective motility evaluation or by using a CASA for a bull to be classified as 
“Satisfactory potential breeder” (Thundathil et al., 2016; Lone et al., 2017; Koziol and 
Armstrong, 2018). For morphology, the ejaculate must have greater than 70% of sperm 
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with normal morphology. Sperm morphology can be performed by brightfield 
microscopy utilizing stained sperm, phase contrast or differential interface contrast (DIC) 
with sperm fixed in formaldehyde. All morphology analyses should be performed under 
oil immersion with x 1000 magnification or greater (Barth and Oko, 1989; Thundathil et 
al., 2016; Lone et al., 2017; Koziol and Armstrong, 2018). Morphological defects usually 
are classified as primary and secondary defects, usually head and tail defects, 
respectively. Specific classification and illustration of each morphological defect of the 
sperm can be found in Barth and Oko (1989), Barth (2007), and Koziol and Armstrong 
(2018). The degree of deviation from normal of each section of the BSE may affect bull’s 
BSE classification. From “Satisfactory potential breeder” to “classification deferred”, 
depends on whether the deviation or insult detected can be reversed and animal possibly 
return to normal function and sperm production and be classified as “Satisfactory 
potential breeder” pending a new evaluation after the problem is solved. From 
“Satisfactory potential breeder” to “Unsatisfactory potential breeder”, reflects an inability 
of the animal to return to normal function of the testis (Thundathil et al., 2016; Koziol 
and Armstrong, 2018). 
A “Satisfactory potential breeder” classification does not guarantee that the bull 
will be a satisfactory breeder for its whole life; more accurately, a single BSE result is a 
snapshot of a bull’s fertility that represents the samples collected that day. Thus, any 
alteration with the bull’s health or physical soundness could affect its BSE results. 
Further, it has been estimated that approximately 20% of bulls in an unselected 
population would be classified as unsatisfactory potential breeders because of physical 
soundness, semen quality or a combination of those problems (Carroll et al., 1963; 
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Elmore et al., 1975). In the previous mentioned studies, serving capacity was not 
measured (not a BSE requirement); thus, it is likely that approximately 25% of bulls in an 
unselected population would fail a BSE if serving capacity were included (Barth, 2018). 
Bulls that pass a BSE have been reported to have 5% or greater fertility compared to 
unevaluated bulls (Wiltbank and Parish, 1986). Also, calf crop was increased for bulls 
with greater than 70% morphologically normal sperm compared to bulls with less than 
50% normal sperm (Fitzpatrick et al., 2002). Moreover, the economic benefit per cost 
ratio of a BSE has been estimated at 36:1 in Brazil (Menegassi et al., 2011) and 17:1 in 
USA beef cattle herds (Chenoweth, 2000). 
Bull breeding capacity and libido are not routinely assessed in a BSE; however, 
producers are encouraged to test their bulls’ libido and breeding capacity. Libido is the 
bull’s willingness to serve, and breeding capacity is the ability to serve (mount female 
and penis insertion into the vagina). Both, libido and serving capacity, can be tested by 
observing bulls’ behavior with females in estrus or not and restrained or not; it is 
preferred that females are restrained to reduce variability in the results (Coulter and 
Kozub, 1989; Barth et al., 2004; Barth, 2018; Koziol and Armstrong, 2018). Barth et al. 
(2004) demonstrated that 4.8% of bulls that were classified as satisfactory potential 
breeders by semen evaluation were unable to serve cows. Also, bulls that were unable or 
unwilling to serve cows during a libido test had lower pregnancy rates (Blockey, 1980; 
Coulter and Kozub, 1989). Little has changed in the BSE over the past several years and 
the ability to identify subfertile bulls has not improved greatly (Kennedy et al., 2002); 
however, with the tools available for BSE, it is possible to greatly decrease the use of 
lowly fertile bulls even though some “Unsatisfactory potential breeder” bulls are still 
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classified as “Satisfactory potential breeders” due to limitation of time and money that 
producers are willing to invest in testing bulls (Barth, 2018).  
 
Sperm Preservation, Evaluation, and Fertility Potential 
In 1940, bovine semen was successfully cooled after being diluted with an egg-
yolk extender and sperm survived for several days (Phillips and Lardy, 1940). Later, the 
use of antibiotics was reported to improve pregnancy rates (~10% improvement), and the 
discovery of glycerol as cryoprotectant allowed for cryopreservation of sperm and 
successful long-term storage of sperm (Almquist et al., 1946; 1949; Polge et al., 1949; 
Almquist, 1951; Polge and Rowson, 1952). These advances in sperm storage were key 
components for the success and dissemination of AI in cattle. Presently, 90% of dairy 
cattle and approximately 15% of beef heifers and 5% of beef cows are AI’ed (USDA, 
2018, 2020). The protocols for bovine sperm cryopreservation have not changed 
considerably in ~45 years, despite the fact that sperm viability is greatly affected in the 
process resulting in approximately 50% of sperm death during freezing and thawing 
(Robbins et al., 1976; Parrish et al., 1986; Gunasena and Critser, 1997). Nevertheless, 
fertility of frozen sperm reaches acceptable successful rates for both AI and in vitro 
fertilization in cattle (Holt, 2000). 
Evaluation of fresh ejaculated semen at AI centers that is destined for 
cryopreservation has a greater motility threshold (≥ 60% progressive motility) compared 
to semen evaluation during a BSE (≥ 30% progressive motility), in a subjective 
assessment by light microscopy (DeJarnette, 2005; 2012; Lone et al., 2017; Harstine et 
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al., 2018; Koziol and Armstrong, 2018; DeJarnette et al., 2021). Conversely, the 
percentage of morphologically normal sperm is similar (≥ 70%) between a BSE and 
quality control analysis at AI centers, as samples above this threshold have small to no 
correlation to fertility (DeJarnette, 2005; 2012; Harstine et al., 2018; DeJarnette et al., 
2021). The cryopreservation process is the reason for pre-freeze higher standards in AI 
centers. Sperm are damaged during the freezing and thawing process (~50% loss); 
additionally, lower insemination doses (10 to 40 million sperm per insemination dose) are 
used for AI, in the uterine body, compared to greater insemination dose (several billions) 
being deposited in the female vagina during natural service by the bull (Zoca et al., 2020; 
DeJarnette et al., 2021). 
Sperm dose used for AI has been reported to affect pregnancy rates. Pregnancy 
rates increase with increased sperm per dose until a plateau is reached which is dependent 
on the maximum fertility of the female population and/or the sire (Salisbury and 
VanDemark, 1961; Saacke et al., 1994; Den Daas et al., 1998; Saacke, 2008). Den Daas 
et al. (1998) demonstrated that the insemination dose at which each bull reaches its 
maximum fertility varied from ~1 million to ~10 million viable sperm per dose, which is 
consistent with sperm doses commercially available between 10 and 40 million sperm per 
dose (DeJarnette, 2005; 2012; Harstine et al., 2018). A more recent study has reported no 
effect of sperm insemination dose when varying from 10 to 40 million sperm per dose, 
agreeing with previous reports (Zoca et al., 2020). The reason different bulls reach their 
maximum fertility at different doses is explained by “compensable” and 
“uncompensable” sperm traits (originally described by Saacke et al., 1994). Compensable 
sperm traits refer to the inability of sperm to fertilize an oocyte which is associated with 
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failure of sperm transport and initiation of fertilization. Examples of compensable sperm 
traits include lower percentage of progressive motile sperm and high percentage of sperm 
with disrupted plasma membrane (Saacke et al., 1994; Saacke, 2008; Amann et al., 
2018). Uncompensable sperm traits pertain to sperm that successfully initiate 
fertilization, however, are unable to support development of viable embryos, an example 
of an “uncompensable” trait is sperm with damaged DNA (Eid et al., 1994; Saacke et al., 
1994; Saacke, 2008; Amann et al., 2018). 
Only one sperm is required for successful fertilization of an oocyte. The 
fertilizing sperm that reaches the site of fertilization and successfully completes 
fertilization, must have normal morphology, progressive motility, intact membranes 
(plasma and acrosomal membrane), stable and intact DNA, be able to be capacitated and 
hyperactivated, and be able to fertilize and activate the oocyte (Rodriguez‐Martinez, 
2003; Saacke, 2008; Vincent et al., 2012; Garner, 2014). One single sperm containing all 
these characteristics is sufficient for fertilization; however, for a bull to be highly fertile 
(great proportion of females pregnant by single insemination), a great proportion of 
inseminated sperm need to display these desired characteristics. Increases in pregnancy 
rates by increasing insemination dose, previously mentioned, is due to sufficing the 
“compensable” characteristics of the sperm (Saacke, 2008). Further, the maximum 
fertility of a bull or the level at which a bull’s fertility plateaus (considering that the 
female population fertility is optimum) is determined by its “uncompensable” 
characteristics (Saacke, 2008). Finally, the ejaculate is composed of three sperm 
populations, 1) sperm that cannot initiate fertilization (compensable), 2) sperm that 
initiate fertilization but do not generate a viable embryo (uncompensable), and 3) fully 
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competent sperm that can generate a viable embryo; therefore, each bull’s fertility is 
dependent on the proportion of each of these populations in an ejaculate or insemination 
dose (Amann et al., 2018). Nevertheless, pregnancy rates following AI are dependent on 
multiple factors beside the quality of an ejaculate or insemination dose, including 
female’s health and management, semen storage and handling, and proper AI technique 
(Saacke, 2008; Vincent et al., 2012; Dalton et al., 2017; Amann et al., 2018). It is also 
necessary that the fertilizing spermatozoon be at the correct place (ampullae or ampullary 
isthmus junction) and at the correct time (when the oocyte reaches the right place; Amann 
et al., 2018). This becomes a concern especially when implementing AI and females are 
AI’ed at different intervals after the onset of estrus. It was reported that females AI’ed 
shortly after the beginning of behavioral estrus had decreased fertilization rates compared 
to females AI’ed toward the end of estrus; however, embryo quality was greater in those 
females AI’ed at the beginning of estrus compared to those AI’ed towards the end of 
estrus (Saacke et al., 2000; Dalton et al., 2001). This is an even greater challenge when 
fixed-time AI (FTAI) is used, because females are AI’ed regardless of expression of 
behavioral estrus. Females that expressed behavioral estrus, i.e., they were exposed to 
high levels of estradiol prior to FTAI, had conception rates, on average, 27% greater than 
those that did not expressed behavioral estrus (Perry and Perry, 2008b; Larimore et al., 
2015; Richardson et al., 2016). Thus, the use of an insemination dose of high sperm 
quality that can maximize pregnancy rates with one single insemination is necessary for 
optimization of beef cattle production. 
The delivery of a sperm dose of high quality, that meet or exceed the industry 
standards is the responsibility of AI centers which is accomplished by meeting or 
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exceeding the guidelines established by the National Association of Animal Breeders-
Certified Semen Services (NAAB-CSS; DeJarnette, 2012; Mitchell, 2012). Sperm 
analysis improved greatly with the use of more objective methods such as CASA and 
flow cytometry compared to previous subjective methods (microscopy) mainly because 
of the increase in number of individual sperm evaluated by these machines (thousands) 
compared to microscopy (few hundreds); however, microscopy is still the main method 
of sperm analyses for a BSE and morphology (Rodriguez‐Martinez, 2003; Barth, 2007; 
2018; Vincent et al., 2012). A semen quality control was added to the NAAB-CSS audit 
program in 2011; however, quality control minimum standards and procedures are held 
private (Mitchell, 2012). Although each company may have different standards, quality 
control minimum standard procedures for pre-freeze and post-thaw (usually motility and 
morphology) must be approved by an NAAB-CSS auditor (Mitchell, 2012). Commonly 
used methods of quality control in AI centers involve: morphology (not done in all 
ejaculates, but ≥ 70% normal sperm is usually used), motility (≥ 60% for pre-freeze in a 
subjective assessment and  ≥ 30% for post-thaw in an objective assessment are usually 
used), viability (usually only post-thaw and a threshold for this characteristic was not 
clearly identified; Rodriguez‐Martinez, 2003; DeJarnette, 2012; Garner, 2014; Thundathil 
et al., 2016; Harstine et al., 2018; DeJarnette et al., 2021).  
The search for prediction of male fertility has been the aim of several 
investigators, probably since the first reports of a sperm by Hamm and Leeuwenhoek in 
1677 (Amann and Hammerstedt, 1993; Rodriguez‐Martinez, 2003; Utt, 2016; Smith et 
al., 2018). Male fertility depends on multiple factors as discussed previously. Each 
ejaculate/insemination dose must contain “enough” of all required characteristics that 
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allow sperm to reach the site of fertilization, fertilize an oocyte and produce a viable 
embryo; however, it is not known what is “enough” for all sperm traits (Amann and 
Hammerstedt, 1993; Rodriguez‐Martinez, 2003). Several sperm characteristics have been 
evaluated and shown to be correlated with bull fertility, some positive and others 
negative; however, results across studies are not consistent, as demonstrated by great 
variation in correlations, from strong to weak or no correlation (Rodriguez‐Martinez, 
2003; Utt, 2016). Even though motility is one of the key components utilized in BSE and 
AI centers to predict bull fertility, with strong correlation in an unselected population, in 
bulls that have above minimum standards for motility, correlation with fertility is 
variable; from non-significant to significant; r2 = 0.01 to r2 = 0.63 (Kjoestad et al., 1993; 
Stålhammar et al., 1994; Farrell et al., 1998; Gillan et al., 2008; Kathiravan et al., 2008; 
DeJarnette et al., 2021).  
As mentioned throughout this review, bull fertility is multifactorial and dependent 
on a series of sperm characteristics and biological functions that sperm is required to go 
through in order to develop a viable embryo. Current sperm analysis can explain 50 to 
60% of fertility variation of bulls (Saacke, 2008). It is unlikely that a single sperm 
characteristic will explain most of the variation between bulls, thus, a multivariate 
approach is more likely to accurately estimate the fertility level of a bull or ejaculate. 
When multiple CASA parameters were included in a regression analysis, the correlation 
with fertility was increased from r2 = 0.34 with only total motility in the model to r2 = 
0.68 with amplitude of lateral head displacement (ALH) and progressive motility, and 
was reported to be as high as r2 = 0.98 when five CASA characteristics were included in 
the model (Farrell et al., 1998). In another study, single sperm characteristic correlation 
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with fertility varied from r2 = 0.28 to r2 = 0.45, while multiple (4 or 5) characteristics 
ranged from r2 = 0.50 to r2 = 0.58 (Januskauskas et al., 2001). Researchers, AI industry 
personnel and veterinarians aim to predict bull fertility by identifying a threshold for 
sperm characteristics that will correctly predict a bull’s fertility, such as ≥ 70% normal 
sperm and ≥ 30% motile sperm; however, with such variability in correlation with 
fertility it makes it very difficult to develop an accurate predictive model. Also, several of 
these characteristics were strongly correlated with motility, morphology, or both 
(Rodriguez‐Martinez, 2003; Utt, 2016). Consideration should be taken in the selection of 
sperm parameters that will be included in a multiple regression analysis. It is important 
that sperm parameters are not correlated or the correlation between sperm parameters is 
weak (Utt, 2016). As described by Utt (2016), when parameters in a multiple regression 
analysis are correlated, it can lead to an incorrect estimation of fertility by the regression 
model which decrease the predictive ability of the model when applied in a greater 
population. Thus, when developing a fertility predictor/estimator multiple regression 
model, researchers or industry must first evaluate whether parameters included are 
measuring correlated characteristics or not. 
In combination, predicting bull fertility based on sperm analyses is extremely 
complex. The correct prediction of a bull’s fertility (more likely on the ejaculate level 
than the whole animal’s life), if possible, will require the development of new markers of 
fertility that are not correlated with motility and morphology, and most likely will involve 
a combination of several sperm characteristics in a multifactorial equation. In the near 
future, it is more likely that scientists improve the ability to detect lowly fertile animals 
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through new tests compared to predicting highly fertile ones (DeJarnette, 2005; Dalton, 
2019). 
 
Use of sperm proteins as fertility marker 
Sperm biological processes are regulated through proteins, such as sperm 
hyperactivation and capacitation, formation of the sperm reservoir, induction of the 
acrosome reaction, and fertilization (Sutovsky, 2009; 2018; Florman and Fissore, 2015; 
Suarez, 2015, 2016; Saint-Dizier et al., 2020; Mahé et al., 2021). Variation in protein 
expression between bulls may serve as fertility markers and aid in the selection of highly 
fertile bulls, as several studies have reported their correlation or association with field or 
in vitro fertility.  
Several sperm proteins have been tested as fertility markers and demonstrated 
promising results. A study focused on a sperm protein of 25 kDa (called P25b) showed 
that this 25 kDa sperm protein was lowly expressed in some subfertile bulls compared to 
high fertility and some low fertility bulls; also, this protein was present on the acrosomal 
region and the principal piece of sperm tail (Parent et al., 1999). Others have described 
that osteopontin (Ca2+-binding protein) was more abundant in semen samples from high 
fertility bulls compared to low fertility bulls (Killian et al., 1993; Cancel et al., 1997; 
Moura et al., 2006) and when osteopontin was added to fertilization media (10 µg/mL) 
cleavage and blastocyst rate of in vitro fertilized oocytes were improved compared to 
control media without osteopontin (Monaco et al., 2009). Further, phospholipase A2 was 
more abundant and spermadhesin Z13 (SPADH2) was less abundant in high fertility bulls 
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(Moura et al., 2006); however, in a different study, it was reported that calmodulin 
(CALM1), SPADH2 and phosphatidylethanolamine-binding protein 4 (PEBP4) were in 
greater concentration in semen samples from bulls of high fertility compared to low 
fertility and BSP1 was more abundant in low fertility bulls (Somashekar et al., 2015; 
2017). Ibrahim et al. (2000) investigated the relationship of sperm protein clusterin with 
bull fertility and other sperm parameters, although clusterin was negatively correlated 
with nonreturn rates (raw and adjusted; r2 = 0.09 and r2 = 0.33, respectively) and 
estimated relative conception rate (r2 = 0.36), it was also negatively correlated with 
motility and positively correlated with morphology abnormalities (r2 = 0.10 to r2 = 0.60).  
A protein called fertility-associated antigen (FAA; previously called heparin-
binding proteins) was characterized on ejaculated sperm and demonstrated association 
with bull fertility (natural service). Bulls with sperm positive for FAA had greater 
pregnancy rates (9 to 40 percentage points) compared to bulls that sperm lacked FAA 
(Bellin et al., 1994; 1996; 1998). Bulls used for AI with sperm positive for FAA had 
greater pregnancy rates (7 to 9 percentage points) compared to bull with sperm negative 
for FAA (Sprott et al., 2000); however, in a different study, pregnancy rates of bulls with 
sperm positive for FAA were not different (41.5% vs. 39.3%, respectively) or were lower 
(33.7% vs. 40.7%, respectively) than bulls with sperm FAA negative (Dalton et al., 
2012). Additionally, it was described that A-kinase anchor protein-4 (AKAP4) was 
present on the sperm principal piece and this protein was related to sperm motility (Moss 
et al., 1999). Later it was reported that the expression level of this protein differed 
between high and low fertility bulls with high fertility bulls having greater expression 
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(Peddinti et al., 2008) and a commercial kit is available for testing AKAP4 on sperm 
samples (Sergeant et al., 2019).  
Ubiquitin has been intensively studied and was reported as a negative marker of 
fertility, as bulls with greater sperm ubiquitination was associated with greater numbers 
of sperm defects (Sutovsky et al., 2001; 2002; 2007; Odhiambo et al., 2011; Kennedy et 
al., 2014). In an in vitro trial, nanopurification of sperm with anti-ubiquitin improved 
fertilization rates in comparison to control; however, when sperm was nanopurified with 
anti-ubiquitin and used for AI, there was a decrease in pregnancy rates when nanopurified 
sperm at 10 million sperm per dose was compared with control sperm at 20 million sperm 
per dose, but no difference in fertility was detected with the same insemination dose 
between nanopurified and control (10 million sperm per dose; Odhiambo et al., 2014). 
These are some examples of proteins that have been used as fertility markers in 
bovine. Several other examples can be found in bovine, laboratory animals, men and 
other livestock species and poultry. If the words “sperm” and “protein” and “fertility” are 
entered in https://pubmed.ncbi.nlm.nih.gov/ search, almost 8,000 results are found and 
approximately 6,000 of those publications happened in the past 20 yr and 4,000 in past 10 
yr. In combination, these studies, demonstrate the challenge in identifying a new 
biomarker of bull sperm fertility. Some biomarkers are associated or predictive of bull 
fertility in a small group but not in the population, as illustrated by Sprott et al. (2000) 
and Dalton et al. (2012) results. Others are correlated with motility and morphology and 
the additive predictive value of those biomarkers are debatable (Ibrahim et al., 2000). 
Further, some demonstrate promising results in laboratory studies but not in the field 
(Odhiambo et al., 2014). Some lack field validation or are not used by the industry as a 
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fertility marker. In order to improve identification of higher fertility animals, and, 
consequently, removal of subfertile animals from the breeding population, it is necessary 
to validate biomarkers of fertility already identified or newly developed. Also, new tests 





In summary, sperm is produced in the testis through mitotic, meiotic and cell 
differentiation, then, it is released from testicular parenchyma and travel through testis 
and epididymal tubules where it further matures. Sperm are stored in the tail of the 
epididymis in a quiescent status and upon ejaculation, sperm progressive motility is 
increased. During ejaculation, epididymal sperm is diluted with seminal plasma from the 
accessory sex glands. In this process, there are changes in surface proteins of the sperm. 
In natural service, sperm is deposited in the vagina, and uterine contractions and 
sperm motility moves the sperm through the cervix to the uterus. In both, natural service 
and AI, sperm move through the uterus by self-propulsion to the oviduct by interaction 
with the utero tubular junction. In the oviduct, sperm quickly binds to the oviductal 
epithelial cells to form the sperm reservoir. To be released from the sperm reservoir, 
sperm goes through hyperactivation and capacitation. During sperm capacitation, sperm 
lose surface proteins, and a series of biochemical and biophysical transformations in the 
sperm head and tail allow the sperm to go through the acrosome reaction. When sperm 
45 
 
encounters the oocyte and its vestments (cumulus cells and zona pellucida) the acrosome 
reaction is induced, and fertilization may occur. 
The current evaluation of bull fertility is through a BSE which evaluates the 
physical soundness, scrotal circumference, and sperm quality of a bull. For a bull to have 
potential high fertility, it must be healthy, produce an ejaculate with a great proportion of 
sperm with high levels of desirable traits, and a scrotal circumference sufficient for daily 
sperm production during the breeding season. Other areas that are involved in fertility but 
not measured in a breeding soundness exam are sperm membrane integrity, stability of 
the DNA, ability to undergo hyperactivation, capacitation, and the acrosome reaction, 
traverse the female barriers, fertilize the oocyte and generate a viable pregnancy. 
Methods of bull fertility evaluation have not changed significantly in the past 
several years. Identification of new fertility markers may improve the ability of industry 
to detect lower fertility bulls that need to be culled before they enter the breeding season 
or predict which bulls will have high fertility. Proteins found on the sperm may play a 
key role in sperm fertilizing ability. Since sperm population is heterogeneous, even 
within an ejaculate, and sperm proteomics have been shown to change in sperm that have 
just been released in the seminiferous tubules, to epididymal sperm, to ejaculated sperm, 





PROTEOMIC ANALYSES IDENTIFY DIFFERENCES BETWEEN BOVINE 





Sperm are stored for extended periods of time in the epididymis, but upon 
ejaculation motility is increased and lifespan is decreased. The objective of this study was 
to identify differences in proteins between epididymis and ejaculated samples that are 
associated with longevity. Ejaculated semen was collected from mature Angus bulls (n = 
9); bulls were slaughtered and epididymal semen was collected. Epididymal and 
ejaculated semen were centrifuged to separate sperm and fluid. Fluids were removed and 
sperm pellets were resuspended in a high ionic solution and vortexed to remove loosely 
attached proteins. Sperm samples were centrifuged, and the supernatant was removed; 
both fluid and sperm samples were snap frozen in liquid nitrogen and stored at -80 ºC. 
Protein analysis was performed by liquid chromatography with tandem mass 
spectrometry (LCMS/MS). A different group of yearling Angus cross bulls (n = 40) were 
used for sperm cultures. Ejaculated (n = 20) and epididymal (n = 20) sperm were diluted 
and cultured in a commercial media at pH 5.8, 6.8 and 7.3, at 4 ºC and evaluated for 
motility and viability every 24 h until motility was below than 20%. There was an effect 
of pH, time and pH by time interaction for motility and viability for both ejaculated and 
epididymal sperm (P ≤ 0.05). At 216 h of incubation epididymal sperm at pH 7.3 and 
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ejaculated sperm at pH 6.8 reached motility below 20%. A total of 458 unique proteins 
were identified; 178, 298, 311, and 344 proteins were identified in ejaculated fluid, 
ejaculated sperm, epididymal fluid and epididymal sperm, respectively. There were 8, 24, 
10, and 18 significant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 
(FDR < 0.05) for ejaculated fluid, epididymal fluid, ejaculated sperm, and epididymal 
sperm, respectively. The metabolic pathway was identified as the most important KEGG 
pathway; glycolysis/gluconeogenesis, pentose phosphate, and glutathione metabolism 
pathways were significant among proteins only present in epididymal samples within the 
metabolic pathway. Other proteins identified that may be related to epididymal sperm’s 
increased longevity were peroxidases and glutathione peroxidases for their antioxidant 
properties. In summary, energy metabolism in the epididymis appears to be more 
glycolytic compared to ejaculated and epididymis sperm has a larger number of 
antioxidants available which may be helping to maintain sperm in a quiescent state. In 
addition, epididymal sperm was able to maintain viability longer than ejaculated sperm 




During final maturation, spermatozoa lose their ability to biosynthesize, repair, 
grow, and divide, and become very simple in their metabolic function (Hammerstedt, 
1993). This results in spermatozoa becoming completely dependent on their external 
environment to survive and function. While in the epididymis, spermatozoa are stored for 
a long period of time in a relatively quiescent state. It is hypothesized that this is due to 
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both quiescence and prevention of premature activation of the spermatozoa prior to 
ejaculation (Sullivan et al., 2005). Upon ejaculation or dilution of the fluid of the caudal 
epididymis, motility is increased (Acott and Carr, 1984; Carr and Acott, 1984). A 
consequence of this increased motility is a reduction in viability to only several hours in 
most species (Austin, 1975). 
Several studies have reported that the plasma membrane of spermatozoa is coated 
with glycoproteins (Magargee et al., 1988; Mahmoud and Parrish, 1996; Geussova et al., 
1997), and several proteins that have been identified in the epididymal fluid are enzymes 
that are able to modify proteins or lipids at the spermatozoa surface. A subset of these 
proteins are implicated in spermatozoa protection (e.g. members of the Glutathione S-
transferase family or peroxiredoxin isoforms; Girouard et al., 2011), and some of the 
proteins that are transferred to the spermatozoa are also proposed to modulate motility 
(Frenette et al., 2003; 2004; 2005). Macrophage migration inhibitory factor (MIF) 
protein, present in the epididymis, associates with the spermatozoa flagella, and may 
influence thiol; therefore, impacting acquisition of spermatozoa motility (Eickhoff et al., 
2004). A negative correlation has been reported between concentration of MIF and 
spermatozoa motility (Sullivan et al., 2005). Thus, the objective of this experiment was to 
identify differences in proteins that are both in the environment (fluid) and loosely 
attached to spermatozoa in both the epididymis and following ejaculation measured by 
liquid chromatography with tandem mass spectrometry analysis (LCMS/MS). A 
secondary objective was to evaluate the effect of pH on sperm longevity. The hypotheses 
were that proteins differentially expressed between ejaculated and epididymis samples 
49 
 
would be correlated to sperm longevity and sperm incubated in uterine pH at estrus (pH = 
6.8) would have greater motility and longevity. 
 
MATERIALS AND METHODS 
 
All procedures were approved by the South Dakota State University Institutional 




Semen from nine sexually mature (4-yr old) Angus bulls with a history of 
successful breeding were collected by electro-ejaculation. Weekly ejaculates were 
collected for two weeks and discarded (2 ejaculates); bulls were rested for one week 
before a third weekly ejaculate was collected. After the third semen collection, bulls were 
rested for six weeks to renormalize epididymal reserves and then slaughtered. Testes and 
epididymides were collected and transported back to the laboratory. Epididymides were 
dissected and epididymal fluid and spermatozoa were collected from the caudal section of 
the epididymis. Ejaculated and epididymal sperm were diluted (~3 × 109 sperm/mL) and 
evaluated for motility, viability, and mitochondrial membrane potential at the time of 
semen collection. Ejaculated sperm was evaluated at pH 7.3 (most semen extender pH 
and uterine pH before and after estrus) and epididymal sperm was evaluated at 
physiological pH (5.8) and at pH 7.3. Epididymal semen from a subset of bulls (n = 3) 
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were cultured for 310 h at 4 °C in three different pH; physiological pH 5.8, pH 7.3 
mimicking uterine pH before and after estrus, and pH 6.8 which has been reported to be 
the uterine pH at estrus (Perry and Perry, 2008a, b). The remainder of samples were 
processed for protein analysis. 
 
Study II: 
Semen from 20 yearling (12- to 15-mo old) Angus crossed bulls were collected by 
electro-ejaculation, diluted (~42 × 106 sperm/mL) and incubated at three different pH 
(5.8, 6.8, and 7.3). Twenty different yearling (12- to 15-mo old) Angus crossed bulls 
were slaughtered and testes and epididymides were collected at a commercial slaughter 
facility. Epididymides were dissected and epididymal fluid and spermatozoa were 
collected from the cauda section of the epididymis. Epididymal semen was diluted (~60 × 
106 sperm/mL) and incubated at three different pH (5.8, 6.8, and 7.3) and transported 
back to the laboratory in culture, thus, first evaluation at 24 h incubation. Samples were 
evaluated every 24 h, until total motility were below 20%, then no further evaluation was 
made for total motility, progressive motility, or viability. 
 
Sperm culture and analyses: 
Aliquots of each sample (ejaculated and epididymal) were evaluated at collection, 
0 h for ejaculated and 24 h after slaughter for epididymal. Samples were stained with 
Hoechst 33258 and evaluated for motility and viability (plasma membrane permeability 
to Hoechst 33258) by a computer-assisted sperm analysis machine (CASA; Hamilton 
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Thorne IVOS II, Beverly, MA), and mitochondrial membrane potential procedure (study 
I only), by MitoTracker red (Thermo Fisher, Eugene, OR) staining following 
manufacturer’s label. Mitochondrial membrane potential was evaluated using a Nikon 
Fluorescence microscope, and the NIS-Elements software package was used to outline 
100 individual spermatozoa and fluorescence intensity was determined. 
Samples were diluted (42 × 106 to 3 × 109 sperm per mL; vide experimental 
design) and cultured in a commercially available media (OPTIXcell, IMV technologies, 
France) and adjusted to different pH (5.8, 6.8, or 7.3), at 4 °C. Samples were evaluated 
every 24 h, from 24 h after collection (due to transport to the lab a true 0 h was not 
possible) until 310 h incubation for motility and viability. At each evaluation, 50 µL of 
each culture was removed and diluted with 150 µL of tris buffer. Samples were then 
stained with Hoechst 33258 (final concentration 10 ng/mL) for 2 min at 37 °C and 




Samples were centrifuged (700 × g for 10 min) to separate spermatozoa and fluids 
(epididymal fluid or seminal plasma) for protein analysis. Fluids were removed and snap 
frozen in liquid nitrogen and stored at -80 °C until analyzed. Spermatozoa pellets were 
then washed with a high ionic solution (Rifkin and Olson, 1985) and vortexed for 1 min 
to remove proteins loosely attached to the spermatozoa. Samples were then centrifuged 
(700 × g for 10 min) to separate spermatozoa from stripped proteins. Stripped proteins 
were removed, snap frozen in liquid nitrogen and stored at -80 °C until analyzed. This 
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resulted in four types of samples: 1) epididymal fluid, 2) ejaculated fluid, 3) epididymal 
sperm stripped proteins (epididymal sperm), and 4) ejaculated sperm stripped proteins 
(ejaculated sperm). 
 
Liquid chromatography mass spectrometry analysis: 
Protein samples were shipped to the University of Minnesota Mass Spectrometry 
facility for identification by LCMS/MS. Samples were processed by trypsin digestion and 
cleaned by gel purification. Approximately 400 ng of reconstituted peptide were analyzed 
by capillary LCMS/MS on an Orbitrap Velos mass spectrometer system as previously 
described (Lin-Moshier et al., 2013) with the following modifications: the capillary 
column diameter was 100 µm, the gradient elution profile was of 8 – 35% B Solvent over 
67 min at 330 nL/min, where A Solvent was 98:2:0.01, H2O:acetonitrile (ACN):formic 
acid (FA); and B Solvent was 98:2:0.01, ACN:H2O:FA, lock mass was not employed; 
dynamic exclusion settings were: repeat count = 1, exclusion list size was 200, exclusion 
duration = 12 s, exclusion mass width (high and low) was 15 ppm and early expiration 
was disabled.   
All LCMS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, 
San Jose, CA, USA; version 2.1.0.81). Sequest was set up to search the bovine (taxid 
9913) protein sequence database from Uniprot.org with canonical and isoforms included, 
downloaded on March 6, 2013 and merged with the common lab contaminant protein 
database (thegpm.org/crap/index, 109 proteins). Sequest was searched with the digestion 
enzyme trypsin, fragment ion mass tolerance 0.100 Da and precursor tolerance of 50 
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ppm. Oxidation and di-oxidation of methionine, deamidated of asparagine and glutamine 
and pyroglutamic acid were set as variable peptide modifications, N-terminal protein 
acetylation was set as a variable modification and carbamidomethyl cysteine was set as a 
fixed modification. 
Scaffold (version Scaffold_5.0.0, Proteome Software Inc., Portland, OR) was 
used to validate LCMS/MS based peptide and protein identifications. Peptide 
identifications were accepted if they could be established at greater than 99.0% 
probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if 
they could be established at greater than 7.0% probability to achieve an FDR less than 
1.0% and contained at least 2 identified peptides. Protein probabilities were assigned by 
the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar 
peptides and could not be differentiated based on tandem mass spectrometry (MS/MS) 
analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing 
significant peptide evidence were grouped into clusters. 
Further analysis was conducted using peptides identified as exclusive and unique 
to each protein. Total spectrum counts for proteins were used for abundance comparisons 
(proteins found in one sample but not the other or found in both samples) and statistical 
analysis. Comparisons were made for total spectrum counts between epididymal and 
ejaculated fluid proteins and between epididymal and ejaculated spermatozoa surface 
proteins. Significant P-values were adjusted for multiple testing using the Benjamini-
Hochberg calculation to correct the FDR. For each comparison, proteins that were 
identified in the samples were entered into DAVID v 6.8 (Huang et al., 2008, 2009) using 
their official gene names to determine the top Kyoto Encyclopedia of Genes and 
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Genomes (KEGG) pathways associated with those proteins. For the significant KEGG 
pathways within each sample, that had a physiological meaning for the study objective, 
the proteins contributing to that KEGG that were exclusive for one of the samples were 
entered into the STRING database (Szklarczyk et al., 2015; Hu et al., 2018) to determine 




Differences of spermatozoa parameters between ejaculated and epididymal (pH 
5.8 and 7.3) at collection were evaluated using the GLIMMIX procedures of SAS (v 9.4) 
proportions were assumed to have a beta distribution; velocities, Hz, µm and 
fluorescence intensity data were assumed to have a Gaussian distribution. The model 
used was treatment (ejaculated, epididymis 5.8, epididymis 7.3) as a fixed effect and bull 
as a random effect. For fluorescence intensity, area measured was included as a covariate. 
Cultured spermatozoa parameters were evaluated using the GLIMMIX procedure of SAS 
(v 9.4) and data were assumed to have a beta distribution. The model included the fixed 
effect of treatment (pH 5.8, 6.8, and 7.3), time of incubation and the interaction. Three 
random statements were used; the first random statement was used to model the R-side of 
residuals to analyze the data as repeated measures. The subject was bull with covariate 
structures selected based on the smaller -2 Res Log Pseudo-Likelihood. For total and 
progressive motility, the covariate structure was Compound Symmetry (CS); for viability, 
the covariate structure was Toeplitz (TOEP). Time points 286 and 310 h incubation were 
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removed from progressive motility analysis because all values equaled zero. When a 
significant effect (P ≤ 0.05) or tendency (P ≤ 0.10) of treatment was detected, the 
pairwise comparisons from the analysis were used to determine level of significance. 
Study II: 
Ejaculated and epididymal sperm parameters were evaluated separately. Total 
motility, progressive motility and viability were evaluated using the methods described 
above for repeated measures. For ejaculated sperm data the covariate structure for total 
and progressive motility was TOEP; and for viability, the covariate structure was First-
Order Ante-dependence [ANTE(1)]. The covariate structure for epididymis total motility 
was TOEP; for progressive motility it was ANTE(1), and for viability, it was 
Heterogeneous Compound Symmetry (CSH). When a significant effect (P ≤ 0.05) or 
tendency (P ≤ 0.10) of treatment was detected, the pairwise comparisons from the 




Spermatozoa culture and analysis: 
In study I, there was an effect of treatment (ejaculated pH 7.3, epididymis pH 5.8, 
and epididymis pH 7.3) on the mitochondrial membrane potential (P < 0.0001). 
Ejaculated sperm had decreased (P ≤ 0.0015) mitochondrial membrane potential 
compared to both epididymis sperm at pH 5.8 and 7.3 (1.79 ± 0.32, 4.30 ± 0.34 and 3.41 
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± 0.32, fluorescence intensity, respectively). Epididymis sperm at pH 5.8 tended (P = 
0.07) to have greater mitochondrial membrane potential than epididymis sperm at 7.3. 
Treatment influenced percentage of total motility, progressive motility, viability, viable 
linearity, and viable straightness (P ≤ 0.001; Table 2.1); however, motile linearity and 
motile straightness did not differ (P ≥ 0.11; Table 2.1). There was also an effect of 
treatment on average path velocity, curvilinear velocity, straight-line velocity, amplitude 
of lateral head displacement, and beat cross frequency for both motile and viable sperm 
(P ≤ 0.01; Table 2.1). When epididymal sperm were cultured at pH 5.8, 6.8 and 7.3 there 
was an effect of pH by time interaction on total motility and progressive motility (P ≤ 
0.05; Fig. 2.1 and 2.2); however, the pH by time interaction was not significant for 
viability (P = 0.16; Fig. 2.3). There was an effect of pH on total motility (P < 0.0001) and 
viability (P < 0.0001; Fig. 2.3), but there was no effect of pH on the percentage of 
progressive motility (P = 0.59). There was also an effect of time on total motility, 
progressive motility, and viability (P < 0.0001). 
In study II, there was an effect of pH, time and pH by time interaction for total 
motility (Fig. 2.4), progressive motility (Fig. 2.5) and viability (Fig. 2.6) for both 
ejaculated and epididymal sperm (P ≤ 0.05). Ejaculated sperm at pH 6.8 and epididymal 
sperm at pH 7.3 maintained total motility above 20% longer than the other samples, at 
216 h of incubation motility decreased below 20% for both ejaculated 6.8 and epididymal 
7.3 (17.1% and 18.9%, respectively). The percentage of sperm displaying progressive 
motility at 216 h was 1.6% and 1.1%, and viability 51.3% and 95.4%, for ejaculated 6.8 





An overall total of 458 unique proteins were detected between all samples (Fig. 
2.7), 178 proteins were detected in ejaculated fluid (seminal plasma) and 298 proteins 
were identified stripped from ejaculated sperm. In epididymal samples, 311 proteins were 
identified in epididymal fluid, and 334 proteins were identified stripped from epididymal 
sperm (Fig. 2.7). There were 103 proteins detected in the fluids that were present in both 
ejaculated and epididymal samples, ten proteins had increased abundance in ejaculated 
fluid (P ≤ 0.05; A5D9E8, CLUS, Cytokeratin-9, F1MK08, IPSP, LG3BP, Q58DP6, RNS, 
SFP1, SPAD1) and 29 had increased abundance in epididymal fluid (P ≤ 0.05; A6QLB0, 
ACTB, ACTC, ACTS, CBPQ, DHSO, ENOA, F16P1, F1N0E5, F1N5M2, G3X6N3, 
G3X757, HBA, HBB, HEMO, HS90A, K2C8, KAD1, KAP0, PARK7, PEBP1, PRDX5, 
SPA31, SPA37, TBA8, TBB4A, TBB4B, TBB5, TRFE). There were 221 proteins 
detected in the sperm samples that were present in both ejaculated and epididymal 
samples, 12 proteins had increased abundance in the ejaculated sperm (P ≤ 0.05; B2MG, 
CLUS, F1MK08, F1MTI7, F1MXP8, Q4R0H2, Q58DP6, RNS, SFP1, SPAD1, Trypsin 
precursor, Z13) and 109 proteins had increased abundance (P ≤ 0.05) in the epididymal 
sperm. 
 
 Pathway analysis: 
There were eight significant KEGG pathways (FDR < 0.05) for ejaculated fluid 
proteins and 24 KEGG pathways for epididymal fluid proteins (Table 2.2). There were 
ten significant pathways for ejaculated and 18 for epididymal proteins that were stripped 
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from the sperm (Table 2.3). The metabolic pathway was identified as the most important 
KEGG pathway for this data set. This was expected as sperm are maintained in a 
quiescent mode in the epididymis which allows sperm to be stored for several days. 
Metabolic pathway associated proteins in the fluid samples included: 15 proteins 
that were present in both ejaculated and epididymis samples (AK1, ENO1, FBP1, FH, 
GALK1, GAPDHS, GLB1, GNS, GPI, LDHA, MDH2, PGAM1, PGAM2, PTGDS, 
SORD), nine proteins that were only present in ejaculated fluid and 55 proteins that were 
only present in epididymis fluid (Fig. 2.8). The proteins related to the metabolic pathway 
only present in ejaculated fluid were not highly related as seen by few connections 
between proteins; however, the proteins Heparanase (HPSE) and N-acetyl-alpha-
glucosaminidase (NAGLU) participate in glycosaminoglycan degradation (Fig. 2.8 A). 
Two other proteins were detected in this pathway but were not related to the metabolic 
pathway. They were Beta-galactosidase (GLB1) and N-acetylglucosamine-6-sulfatase 
(GNS). The proteins Glucosylceramidase (GBA), Lysosomal alpha-glucosidase (GAA), 
NAGLU, Palmitoyl-protein thioesterase 1 (PPT1), and V-type proton ATPase subunit S1 
(ATP6AP1) participate in lysosome pathway (Fig. 2.8 A). Five other proteins were 
identified to the lysosome pathway but were not related to the metabolic pathway, they 
were Lysosomal protective protein (CTSA), Cathepsin B (CTSB), Cathepsin D (CTSD), 
Legumain (LGMN), and Prosaposin (PSAP). 
The proteins present only in epididymis fluid and related to metabolic pathway 
(Fig. 2.8 B) differed from ejaculated fluid and were highly interactive as demonstrated by 
a complex network. Eleven proteins in this network were related to 
glycolysis/gluconeogenesis pathway (AKR1A1, ALDH2, ALDH9A1, ALDOA, GALM, 
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GAPDH, LDHB, PGK1, PGM1, PGM2, TPI1), five proteins were related to the oxidative 
phosphorylation pathway (ATP6V1H, ATP6V1B2, ATP6V1A, ATP5A1, ATP5B), eight 
were related to the pentose phosphate pathway (ALDOA, G6PD, PGM1, PGM2, PRPS1, 
TALDO1, TKT, TKTL1), and four proteins were related to fructose and mannose 
metabolism (AKR1B1, ALDOA, MPI, TPI1). 
There were 36 proteins present in both ejaculated and epididymis sperm samples 
related to the metabolic pathway (AK1, AKR1B1, ALDH2, ALDOA, AOX1, APRT, 
ATIC, ATP5A1, ATP5B, ATP6V1E2, ATP6V1H, DCXR, ENO1, FBP1, FH, GALK1, 
GAPDHS, GLB1, GLUL, GNS, GPI, IDH1, ISYNA1, LDHA, MDH2, NME2, PGAM1, 
PGAM2, PGK1, PGLS, PGM2, PTGDS, QDPR, RPN2, SMS, SORD). Nevertheless, 11 
proteins were only present on ejaculated sperm (Fig. 2.9 A) and 32 were only present on 
epididymal sperm (Fig. 2.9 B). Proteins related to the metabolic pathway only present in 
ejaculated sperm were not highly related as seen by few connections between proteins, 
similarly to proteins only present in ejaculated fluid (Fig. 2.9 A). The same proteins were 
detected in the glycosaminoglycan degradation and lysosome pathway between 
ejaculated fluid and sperm. Similar to ejaculated fluid, there were proteins not related to 
metabolic pathway that were also present in the lysosome pathway (CTSB, CTSD and 
LGMN); however, glycosaminoglycan degradation was not detected as a significant 
pathway for sperm proteins. Interestingly, two proteins were detected to be part of the 
oxidative phosphorylation pathway, Succinate dehydrogenase [ubiquinone] flavoprotein 
subunit (SDHA) and ATP6AP1. 
The proteins only present in the epididymis sperm samples and related to the 
metabolic pathway (Fig. 2.8 B), different from ejaculated sperm and similarly to those 
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from epididymis fluid, were highly interactive as demonstrated by a complex network. 
There were seven proteins related to the pentose phosphate pathway (G6PD, PGD, 
PGM1, PRPS1, TALDO1, TKT, TKTL1), five proteins related to 
glycolysis/gluconeogenesis pathway (AKR1A1, LDHB, GAPDH, PGM1, TPI1) and two 
proteins related to the fructose and mannose metabolism pathway (MPI, TPI1) that were 




Efficient transportation of spermatozoa through the female reproductive tract 
from the site of deposition to the site of fertilization requires that the female be in estrus 
or under the influence of estrogen (Hawk, 1983). Estrogen may influence fertilization 
rates through both spermatozoa transport and fertilization efficiency by altering the 
uterine environment (pH). Uterine pH decreased at the initiation of standing estrus (Elrod 
and Butler, 1993) and was also decreased in animals that exhibited standing estrus prior 
to fixed-time AI compared to animals not exhibiting standing estrus (Perry and Perry, 
2008a, b). Estrus expression prior to fixed-time insemination increased the number of 
spermatozoa that reached the site of fertilization (Larimore et al., 2015) and had a linear 
relationship with pregnancy success (Grant et al., 2011). It is hypothesized that the 
decrease in pH at onset of estrus would increase sperm longevity and the rise in pH prior 
to ovulation would increase sperm motility (Perry and Perry, 2008a, b). Thus, sperm was 
incubated at three different pH: physiological pH of the epididymis (5.8), physiological 
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pH upon ejaculation which is similar to the uterine pH at time of ovulation (7.3) and 
uterine pH at onset of estrus (6.8). In study I, epididymal sperm was able to maintain 
motility for a longer period of time when it was incubated at pH 6.8 compared to pH 5.8 
or 7.3. This is consistent with the hypothesis that a decrease in uterine pH at the onset of 
estrus would increase sperm longevity. In study II, this hypothesis held true for ejaculated 
sperm (pH 6.8 had the greatest longevity); however, epididymal sperm at pH 7.3 had 
greater longevity (total motility) compared to sperm at pH 6.8. Animals in study I and 
study II were different, the main differences between the two groups of bulls (age) may 
have caused the observed differences. In study I, animals were mature bulls (4-yr old) 
with proven fertility and study II animals were 12- to 15-mo old that had just reached 
puberty and passed a breeding soundness exam.  
Upon dilution of caudal epididymis fluid motility was increased (Acott and Carr, 
1984; Carr and Acott, 1984), but when epididymal sperm was incubated in caudal 
epididymal fluid, motility was inhibited (Carr and Acott, 1984). When epididymal sperm 
was diluted and the pH altered to 7.3 there was an increase in sperm motility. The 
washing and dilution of caudal epidydimal fluid were sufficient to cause an increase in 
sperm motility which explains the lack of statistical difference between epididymis sperm 
at pH 5.8 and ejaculated sperm at pH 7.3 in study I and is similar to what has been 
reported by others (Acott and Carr, 1984; Carr and Acott, 1984; Carr et al., 1985). 
Interestingly, when the pH of epididymal sperm was adjusted to 7.3 total motility and 
progressive motility were increased to above ejaculated sperm. This is consistent with the 
increased mitochondrial membrane potential of epididymal sperm and agrees with the 
increase in sperm motility reported by others (Ericsson et al., 1993).  
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When comparing sperm viability (study II) between ejaculated and epididymal 
sperm, even though sperm motility decreased during incubation, epididymal sperm had at 
least 15 percentage points more viable sperm compared to ejaculated sperm at any time 
point regardless of media pH (Fig. 2.6). In the cauda epididymis, sperm are stored for a 
long period of time. After differentiation and maturation, sperm has a relatively simple 
metabolism and is highly dependent on its environment (Hammerstedt, 1993). Sullivan et 
al. (2005) hypothesized that the increased longevity of epididymal sperm is due to both 
quiescence and prevention of premature activation of the spermatozoa. In agreement with 
Sullivan et al. (2005), the increased viability of epididymal spermatozoa compared to the 
ejaculated, was not only due to the relatively quiescent state it was in, but also due to 
proteins associated with these spermatozoa, because even after dilution and initiation of 
motility epididymal sperm had increased viability compared to ejaculated sperm in the 
present study. 
Proteins were identified in ejaculated and epididymal samples in order to 
investigate which proteins may be involved in increased viability of epididymal sperm. 
There were 153 proteins identified in epididymis samples only, and 74 were only 
identified in ejaculated samples. When comparing proteins stripped from the sperm and 
in the fluids between ejaculated and epididymis samples, the metabolic pathway had the 
greatest number of proteins. The KEGG metabolic pathway can be subdivided into other 
pathways, as proteins may have function in multiple pathways [e.g., Fructose-
bisphosphate aldolase A (ALDOA) is present in the metabolic pathway, 
glycolysis/gluconeogenesis pathway, pentose phosphate pathway and, fructose and 
mannose pathway]. The total number of proteins identified in ejaculated (n = 305) and 
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epididymal sperm (n = 384) suggests that epididymal sperm metabolism and environment 
are more regulated by proteins than ejaculated sperm, especially, since 153 proteins were 
present only in epididymal samples compared to 74 proteins present in ejaculated 
samples only. 
Bovine sperm can utilize both anaerobic and aerobic methods of energy 
production to maintain similar levels of motility (Krzyzosiak et al., 1999). Proteins only 
in the epididymal samples that were involved in the glycolysis/gluconeogenesis pathway 
(11 and five in fluid and sperm, respectively) and that were associated with oxidative 
phosphorylation (five proteins identified in fluid) were identified. Two different proteins 
were present in ejaculated sperm that related to oxidative phosphorylation. The 
glycolysis/gluconeogenesis pathway had seven and 11 proteins that were present in both 
ejaculated and epididymis samples, fluid and sperm, respectively. Interestingly, the 
oxidative phosphorylation pathway was not detected when all proteins from each sample 
were analyzed by DAVID; however, proteins in this pathway were identified when the 
metabolic pathway proteins were entered in the STRING database.  
Human patients with asthenozoospermia had increased levels of ALDOA, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alcohol dehydrogenase 
(AKR1A1), L-lactate dehydrogenase B chain (LDHB) in seminal plasma compared to 
control patients (Wang et al., 2009). In this data set, the proteins elevated in seminal 
plasma of patients with asthenozoospermia, ALDOA, GAPDH, and AKR1A1 were only 
detected in epididymal fluid. Also, AKR1A1, LDHB and GAPDH were only present on 
epididymal sperm (ALDOA was present in ejaculated sperm but in lower abundance 
compared to epididymal sperm). Our results suggest that energy production, specifically 
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through glycolysis, in the epididymis is more regulated compared to after ejaculation. 
Thus, these proteins only detected in epididymal samples may need to be removed or 
diluted to undetectable levels to facilitate and promote energy production and, 
consequently, sperm motility. 
It is possible that the increased number of proteins related to glycolysis in 
epididymal samples is a mechanism to reduce the production of reactive oxygen species 
(ROS) which is a by-product of oxidative phosphorylation and not produced during 
glycolysis. Reactive oxygen species are oxygen containing molecules that can be found 
as free radicals or non-radical oxidants, these molecules remove electrons from specific 
reactants. The presence of ROS is necessary for normal sperm function; however, the 
deleterious capacity of ROS is determined by its concentration. The increase in sperm 
intracellular cyclic adenosine monophosphate (cAMP) is caused by ROS which leads to a 
cascade of biochemical events that lead to sperm capacitation (Aitken et al., 2015; 
Aitken, 2017); however, when in elevated concentrations, ROS can cause oxidative stress 
which leads to lipid peroxidation. Lipid peroxidation has been reported to increase DNA 
fragmentation, decrease plasma membrane integrity (viability), and reduce motility in 
bovine sperm (Kasimanickam et al., 2007). Antioxidant proteins can remove ROS from 
the media and prevent harmful elevated concentrations of ROS. Aldehyde dehydrogenase 
(ALDH2) was identified in all samples except for ejaculated fluid, this protein was 
identified in the metabolic pathway, and it has been reported to provide antioxidant 
properties in the stallion sperm (Gibb et al., 2016; Hall et al., 2017). The glutathione 
metabolism pathway was present in epididymal fluid but not in ejaculated fluid and was 
present in both ejaculated and epididymal sperm. The glutathione S-transferases proteins 
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have been reported to be antioxidants in stallion (Gibb et al., 2016; Hall et al., 2017) and 
have been suggested to be involved in bovine sperm protection (Girouard et al., 2011). It 
was identified that the protein glutathione S-transferase P (GSTP1) was only present in 
epididymal fluid and sperm; however, glutathione S-transferase Mu (GSTM1) was 
present in epididymal fluid and both epididymal and ejaculated sperm. Another pathway 
that has been reported to have antioxidant properties is the pentose phosphate pathway 
(Williams and Ford, 2004). Peroxidases (PRDX1, PRDX2, PRDX4, and PRDX6) are 
important antioxidants that have been reported to protect sperm from oxidative stress, and 
they were identified in epididymal samples but not ejaculated samples. Additionally, 
glutathione peroxidases were identified in both ejaculated and epididymal samples 
(GPX5) or only in ejaculated samples (GPX6; O'Flaherty, 2019).  
In summary, in the epididymis, sperm energy metabolism appears to be more 
glycolytic compared to sperm in the ejaculate, based on the greater number of proteins 
related to this pathway only present in epididymal samples. Sperm also has a greater 
number of antioxidants available in the epididymis that is likely to be maintaining ROS at 
low concentrations to inhibit premature sperm activation. This is supported by a greater 
mitochondrial membrane potential of epididymal sperm compared to ejaculated sperm 
and the fact that epididymal sperm was able to maintain viability longer than ejaculated 
when cultured under the same conditions. In addition, when both ejaculated and 
epididymal sperm were cultured at uterine pH (7.3), epididymal sperm had greater 
motility. More research is necessary to better understand the specific roles of the proteins 
only identified in the epididymis with the increase in sperm longevity, regulation of 
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sperm activation, and their possible role in bull fertility and ability to dominate a 
breeding pasture (Abell et al., 2017; Bennett et al., 2021). 
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Table 2.1. The effect of treatment (ejaculated sperm at pH 7.3 and epididymis sperm at 









Total motility, % 48.0 ± 4.5b 39.4 ± 5.4b 71.5 ± 4.0a 
Progressive motility, % 5.5 ± 1.4b 5.0 ± 1.7b 16.2 ± 2.5a 
Viable, % 72.4 ± 4.7b 95.8 ± 2.0a 94.1 ± 2.0a 
LIN1 - motile, % 31.9 ± 1.8 28.0 ± 1.9 29.3 ± 1.7 
LIN1 - viable, % 18.9 ± 1.5a 10.9 ± 1.4b 21.1 ± 1.5a 
STR2 - motile, % 61.9 ± 2.9 57.9 ±3.6 61.6 ± 2.9 
STR2 - viable, % 37.5 ± 2.8a* 23.0 ± 3.0b 45.2 ± 2.9a† 
VAP3 - motile, µm/s 68.2 ± 8.0ab* 47.9 ± 9.8b 90.1 ± 8.0a† 
VAP3 - viable, µm/s 47.1 ± 8.6ab* 19.8 ± 10.5b† 70.2 ± 8.6aƚ 
VCL4 - motile, µm/s 138.5 ± 15.1b 111.5 ± 18.5b 206.5 ± 15.1a 
VCL4 - viable, µm/s 95.9 ± 16.8b* 46.2 ± 20.6b† 159.9 ± 16.8a 
VSL5 - motile, µm/s 41.0 ± 5.6ab* 28.7 ± 6.9b 56.3 ± 5.6a† 
VSL5 - viable, µm/s 26.9 ± 5.2b* 11.8 ± 6.4b† 43.8 ± 5.2a 
ALH6 - motile, µm 7.9 ± 0.5b 6.5 ± 0.7b 9.3 ± 0.5a 
ALH6 - viable, µm 5.5 ± 0.7a 2.7 ± 0.9b 7.1 ± 0.7a 
BCF7 - motile, Hz 28.4 ± 2.9b 39.6 ± 3.7a 39.5 ± 2.9a 
BCF7 - viable, Hz 16.6 ± 2.1b 15.7 ± 2.6b 28.5 ± 2.1a 
1-7 LIN = Linearity, STR = Straightness, VAP = Average path velocity, VCL = 
Curvilinear velocity, VSL = Straight-line velocity, ALH = Amplitude of lateral head 
displacement, BCF = Beat-cross frequency. 
a-b Values within the same row not sharing a common superscript differ P ≤ 0.05. 




Table 2.2. Number of proteins (Count) and level of significance (FDR) for the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway for proteins identified in 
epididymal and ejaculated fluid. 
KEGG 
Epididymis fluid Ejaculated fluid 
Count FDR Count FDR 
bta00010: Glycolysis/Gluconeogenesis 18 5.09E-12 7 0.006655 
bta00020: Citrate cycle (TCA cycle) 5 0.047883   
bta00030: Pentose phosphate pathway 10 2.34E-07   
bta00040: Pentose and glucuronate 
interconversions 6 0.005755   
bta00051: Fructose and mannose 
metabolism 6 0.010003   
bta00052: Galactose metabolism 7 0.00169 3 0.465539 
bta00330: Arginine and proline 
metabolism 7 0.012378   
bta00480: Glutathione metabolism 8 0.005533   
bta00500: Starch and sucrose 
metabolism 6 0.009208   
bta00520: Amino sugar and nucleotide 
sugar metabolism 7 0.010479   
bta00531: Glycosaminoglycan 
degradation   4 0.041254 
bta00620: Pyruvate metabolism 8 6.72E-04 3 0.555899 
bta00630: Glyoxylate and dicarboxylate 
metabolism 5 0.029481   
bta01100: Metabolic pathways 71 5.41E-11 24 0.223982 
bta01130: Biosynthesis of antibiotics 39 3.84E-21 10 0.017366 
bta01200: Carbon metabolism 25 6.57E-15 7 0.036405 
bta01230: Biosynthesis of amino acids 16 4.33E-09   
bta03050: Proteasome 10 3.21E-05   
bta04141: Protein processing in 
endoplasmic reticulum 13 0.010003 6 0.465539 
bta04142: Lysosome 11 0.010479 17 1.64E-10 
bta04145: Phagosome 12 0.015453 7 0.154659 
bta04610: Complement and coagulation 
cascades 15 7.21E-08 7 0.007027 
bta04612: Antigen processing and 
presentation 9 0.006383 7 0.007027 
bta04614: Renin-angiotensin system   5 0.007027 
bta05134: Legionellosis 8 0.006383 5 0.069776 
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Table 2.3. Number of proteins (Count) and level of significance (FDR) for the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway for proteins stripped from the 
sperm and identified in epididymal and ejaculated samples. 
KEGG 
Epididymis sperm Ejaculated sperm 
Count FDR Count FDR 
bta00010: Glycolysis/Gluconeogenesis 16 1.2E-09 11 3.8E-05 
bta00020: Citrate cycle (TCA cycle) 6 1.1E-02 4 2.5E-01 
bta00030: Pentose phosphate pathway 12 1.1E-09 5 4.3E-02 
bta00040: Pentose and glucuronate 
interconversions 
6 6.9E-03 4 1.9E-01 
bta00051: Fructose and mannose 
metabolism 
6 1.2E-02 4 2.5E-01 
bta00480: Glutathione metabolism 10 1.5E-04 6 7.7E-02 
bta00620: Pyruvate metabolism 6 2.8E-02 4 3.7E-01 
bta00630: Glyoxylate and dicarboxylate 
metabolism 
5 3.8E-02   
bta01100: Metabolic pathways 69 1.3E-09 48 6.1E-04 
bta01130: Biosynthesis of antibiotics 35 8.4E-17 21 8.1E-07 
bta01200: Carbon metabolism 26 8.3E-16 13 1.2E-04 
bta01230: Biosynthesis of amino acids 16 4.8E-09 7 6.0E-02 
bta03050: Proteasome 8 2.7E-03 8 1.3E-03 
bta04141: Protein processing in 
endoplasmic reticulum 
12 3.8E-02 8 5.1E-01 
bta04142: Lysosome 12 5.8E-03 18 1.5E-07 
bta04610: Complement and coagulation 
cascades 
15 8.1E-08 8 2.0E-02 
bta04612: Antigen processing and 
presentation 
9 7.8E-03 8 2.0E-02 
bta04614: Renin-angiotensin system   6 4.8E-03 






Figure 2.1. Percentage of total motility for epididymal sperm culture at pH 5.8, 6.8, and 































Figure 2.2. Percentage of progressive motility for epididymal sperm cultured at pH 5.8, 
6.8, and 7.3 (Study I). There was a significant time and pH by time interaction (P ≤ 0.05); 


































Figure 2.3. Percentage of viable epididymal sperm cultured at pH 5.8, 6.8, and 7.3 (Study 
I). There was not a significant pH by time interaction (A; P = 0.16). There was a 
significant pH (B; Y-axis represents viability % and X-axis represents pH treatment) and 
time effect (P < 0.0001).  
































Figure 2.4. Percentage of total motility for epididymal and ejaculated sperm cultured at 
pH 5.8, 6.8, and 7.3 (Study II). Samples were considered non-viable when total motility 
decreased below 20%. There was a significant pH, time and pH by time interaction for 
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Figure 2.5. Percentage of progressive motility for epididymal and ejaculated sperm 
cultured at pH 5.8, 6.8, and 7.3 (Study II). Samples were considered non-viable when 
total motility decreased below 20%. There was a significant pH, time and pH by time 
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Figure 2.6. Percentage of viable for epididymal and ejaculated sperm cultured at pH 5.8, 
6.8, and 7.3 (Study II). Samples were considered non-viable when total motility 
decreased below 20%. There was a significant pH, time and pH by time interaction for 
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Figure 2.7. Venn diagram for the number of proteins detected in epididymal fluid (Epid-
F), epididymal sperm (Epid-S), ejaculated fluid (Ejac-F), and ejaculated sperm (Ejac-S). 
A total of 458 unique proteins were detected by LCMS/MS. Protein identifications were 
accepted if a minimum of one unique peptide was identified to a known protein, and 
minimum of a 50% confidence in the identity of the protein was achieved. Peptide 






Figure 2.8. Protein interaction analyzed by STRING database of proteins present only in 
the ejaculated fluid (A; PPI enrichment P = 0.22) or epididymis fluid (B; PPI enrichment 






Figure 2.9. Protein interaction analyzed by STRING database of proteins present only in 
the ejaculated sperm (A; PPI enrichment P = 0.09) or epididymis sperm (B; PPI 
enrichment P < 0.0001) from the metabolic pathway (KEGG; Table 2.3). Sperm proteins 





RELATIONSHIP OF FIELD AND IN VITRO FERTILITY OF DAIRY BULLS WITH 




Even among bulls that successfully pass a breeding soundness exam; there are 
differences in fertility, but for any potential marker of fertility there must be variability 
expressed among animals. Thus, the first objective of these studies was to characterize 
dystroglycan (DAG1) and plasma serine protease inhibitor (SERPINA5) proteins 
localization and variability on bovine sperm, and the second objective was to investigate 
the relationship of DAG1 and SERPINA5 with field fertility (sire conception rate; SCR), 
in vitro fertility (in vitro embryo production), and sperm parameters. Dairy bulls (n = 22) 
were evaluated for DAG1 and SERPINA5 immunolocalization, and fluorescence 
intensity in two separate ejaculates. The GLM procedure in SAS was used with bull as a 
fixed effect to determine if variance was greater between bulls compared to within bull. 
Correlations were determined among DAG1 and SERPINA5 concentrations, percentage 
of tail labeled for SERPINA5, SCR, sperm total motility, progressive motility, and 
plasma membrane integrity (viability), and in vitro embryo produced cleavage (CL) and 
blastocyst (BL) rates. Both SERPINA5 and DAG1 were localized on the sperm head; 
however, SERPINA5 was also localized on the sperm tail. There was greater variance in 
concentration among bulls compared to within bull for both DAG1 (P < 0.0001; 69.4 vs 
49.1, respectively) and SERPINA5 (P < 0.0001; 325.8 vs 285.4, respectively). There was 
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a positive correlation between concentration of DAG1 and SERPINA5 (P = 0.01; r = 
0.54). Concentrations of SERPINA5 were also correlated with CL (P = 0.04; r = 0.48), 
and percentage of sperm tail labeled for SERPINA5 was correlated with viability (P = 
0.05; r = 0.44) and tended to be correlated with CL (P = 0.10; r = 0.39). There was no 
relationship between SCR or BL rate classifications and DAG1 (P ≥ 0.66), SERPINA5 
(P ≥ 0.54), or percentage of sperm tail labeled for SERPINA5 (P ≥ 0.48). In conclusion, 
DAG1 and SERPINA5 were localized to the sperm head, and tail (SERPINA5). 
Concentrations of DAG1 and SERPINA5 on the sperm head were correlated with each 
other and SERPINA5 was correlated with CL. The percentage of tail labeled for 
SERPINA5 was correlated with sperm viability; however, neither protein was associated 




After differentiation, sperm lose the ability to growth, divide, repair and 
synthesize proteins, and have limited metabolic function (Hammerstedt, 1993). After 
spermiation, sperm travel through testis tubules, epididymis (further maturation occurs) 
and are stored in the epididymis tail in a quiescent state until ejaculation (Acott and Carr, 
1984; Carr and Acott, 1984; Barth and Oko, 1989). Upon ejaculation, epididymal sperm 
are diluted with seminal plasma from accessory sex glands and motility is initiated (Acott 
and Carr, 1984; Carr and Acott, 1984). Sperm with fertilizing ability reach the oviduct 
approximately 6-12 h after insemination, populate the isthmus portion of the oviduct and 
form the sperm reservoir (Hunter and Wilmut, 1984; Wilmut and Hunter, 1984; Lefebvre 
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et al., 1995). Sperm that bind to oviductal cells have prolonged motility and fertilization 
ability (~30 h) compared to sperm free in the media (Pollard et al., 1991).  
Cell to cell interactions (i.e. sperm to oviduct and sperm to oocyte) are mediated 
through proteins; thus, these interactions are important for successful fertilization. The 
sperm’s apical surface binds to oviductal isthmus and ampullary ciliated cells (Pollard et 
al., 1991; Lefebvre et al., 1995) and Binder of Sperm Proteins (BSP) has been reported to 
be involved with sperm reservoir formation (Ignotz et al., 2001; Gwathmey et al., 2003; 
2006). There are few proteins known to be required for fertilization, and include CD9 
(Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000) and JUNO (Bianchi et al., 
2014) on the egg, and IZUMO1 on the sperm (Inoue et al., 2005). Other proteins have 
been identified to be associated with mammalian fertility, but not required (see review by 
Sutovsky, 2009). 
In chapter 2, it was identified that DAG1 and SERPINA5 were present and 
loosely attached to ejaculated sperm, but they were not present on epididymal sperm; 
however, SERPINA5 was present in both epididymal fluid and seminal plasma (increased 
abundance in seminal plasma) while DAG1 was only present in seminal plasma. The 
gene DAG1 encodes the dystroglycan precursor that generates two proteins alpha- and 
beta-dystroglycan through post-translational modification. Alpha-dystroglycan is an 
extracellular/surface protein and beta-dystroglycan is a transmembrane protein 
(Ibraghimov-Beskrovnaya et al., 1992). The presence of DAG1 has been reported in 
seminal plasma but not on human sperm (Jodar et al., 2016). Beta-dystroglycan has been 
reported to be localized to the tail middle piece of guinea pig sperm (Hernández-
González et al., 2001) and the post-acrosomal region and middle piece of mouse sperm 
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(Hernández-González et al., 2005). The gene SERPINA5 encodes the plasma serine 
protease inhibitor. This protein is also known as serpin family A member 5, protein C 
inhibitor, and others. The presence of SERPINA5 protein has been reported in many 
body fluids, including plasma (blood), seminal plasma, follicular fluid, amniotic fluid, 
milk, and others (Laurell et al., 1992). In double knockout mice for SERPINA5, females 
were fertile and males were infertile in both in vitro (0.5% pregnancy) and in vivo (0% 
pregnancy) experiments. Also, sperm motility (12.5% motility) and the percentage of 
morphologically normal sperm (5% normal morphology) were decreased in double 
knockout mice (Uhrin et al., 2000). Similarly, SERPINA5 concentrations were decreased 
in normozoospermic infertile men compared to normozoospermic fertile men (Panner 
Selvam et al., 2019). Nevertheless, in men, SERPINA5 has been localized to the sperm 
head (Zheng et al., 1994; Elisen et al., 1998). Thus, the first objective of these studies was 
to characterize DAG1 and SERPINA5 immunolocalization on bovine sperm and their 
potential as fertility markers by evaluating variability within and amongst bulls. The 
second objective was to investigate the relationship of DAG1 and SERPINA5 with field 














Semen from bulls of different beef breeds (n = 17) of unknown fertility were 
evaluated to assess the presence, localization, fluorescence intensity (FI; relative 
concentration), and animal variability of SERPINA5 protein on the sperm. Sperm were 
also analyzed for sperm total (TMOT) and progressive (PROG) motility with a computer-
assisted sperm analysis system (CASA; IVOS II; Hamilton Thorne, Beverly, MA, USA). 
 
Study II: 
Dairy bulls (n = 22) with different SCR values, ranging from -7.7 to 4.45, were 
classified as High (High-SCR > 1.0; n = 11) or Low (Low-SCR < -4.0; n =11) field 
fertility (Table 3.1). Semen from two ejaculates (140 ± 278 d between ejaculates) were 
used to assess sperm relative concentrations of DAG1 and SERPINA5, TMOT, PROG, 
and plasma membrane integrity (viability; n = 20; semen of two bulls had already been 
processed before viability could be assessed), and in vitro production of embryos (n = 19; 
one High-SCR and two Low-SCR bulls’ semen were not available for in vitro production 
of embryos); also, Low-SCR bulls were subdivided further based on their blastocyst rate 
(BL) as High (Low-SCR/High-BL ≥ 31%; n = 6) or Low (Low-SCR/Low-BL ≤ 26%; n = 




Sperm Motility and Viability Analyses: 
Sperm motility analyses were performed using a CASA. Briefly, an aliquot of 
frozen-thawed semen was diluted in easy buffer B (IMV technologies, France) and 
incubated with Hoechst 33342 (final concentration 40 or 80 µg/mL, milk- or egg-yolk-
based extender, respectively) at 37 °C for 10 min. After incubation, samples were loaded 
on a Leja slide and evaluated for sperm TMOT and PROG. Sperm plasma membrane 
integrity was performed by the addition of 2 µL of propidium iodide to CASA samples 
(after CASA analysis), and incubated for 5 min. One hundred sperm per sample in a 
minimum of five fields of view avoiding the edge of the slide were evaluated in a Nikon 
Fluorescence microscope. 
 
Sperm Protein Analyses: 
Sperm fixation procedure: 
Frozen-thawed semen samples, not used for CASA analysis, were fixed in 2% 
formaldehyde solution [10% formaldehyde (EM grade) diluted with phosphate buffer 
saline (PBS)] at room temperature for 40 min (100 µL of 2% formaldehyde solution per 
~450 µL of extended semen). Following incubation, samples were washed by 
centrifugation twice at 500 × g for 5 min, supernatant was removed with a glass Pasteur 
pipette and sperm pellet resuspended with PBS. Samples were diluted to 5 million sperm 




Sperm DAG1 analysis: 
Anti-DAG1 antibody (goat anti-human, ab136665, polyclonal, ABCAM, United 
Kingdom) was purified using the 10kD Spin Column (ab93349, ABCAM). Briefly, 135 
µL of anti-DAG1 was diluted with 300 µL of PBS, added to 10kD Spin Column and 
centrifuged at 10,000 × g for 10 min. Purified antibody was resuspended in PBS to 135 
µL final volume. Anti-DAG1 was conjugated to PE/R-Phycoerythrin (ab102918, 
ABCAM) according to manufacturer instructions and diluted with PBS to a final 
concentration of 0.05 µg/µL. Anti-DAG1 (5 µL) and fixed sperm (100 µL at 5 × 106 
sperm per mL) were incubated in a 0.5 mL tube for 4 h at room temperature without 
exposure to light. After incubation, antibody reaction was stopped by the addition of 100 
µL of 2% formaldehyde solution and incubated for 40 min without exposure to light. 
Samples were centrifuged at 700 × g for 10 min, supernatant was removed, pellet was 
resuspended with PBS (200 µL) and centrifuged. After second centrifugation, supernatant 
was removed and approximately 20 µL of fluid were remaining and 5 µL of ProLong 
Diamond Antifade Mountant (P36965, Thermo Fisher Scientific, Waltham, MA) was 
added. Samples were evaluated with a Nikon Fluorescence microscope at 400 × 
magnification, and the NIS-Elements software package was used to outline 100 
individual spermatozoa per sample and FI was determined. Also, immunolocalization of 






Sperm SERPINA5 analysis: 
Anti-SERPINA5 antibody (rabbit anti-human, mouse, rat, PA579976, polyclonal, 
Invitrogen, Waltham, MA) was conjugated to Dylight 405 Fast (ab201798, ABCAM) 
according to manufacturer instructions and diluted with PBS to a final concentration 0.1 
µg/µL. Anti-SERPINA5 (5 µL) and fixed sperm (100 µL at 5 × 106 sperm per mL) were 
incubated in a 0.5 mL tube for 4 h at room temperature without exposure to light. 
Samples were evaluated as described for DAG1. Also, immunolocalization of 
SERPINA5 on the sperm was determined. 
 
In vitro embryo production: 
All media for in vitro embryo production and in vitro embryo production followed 
previous published procedures (Ortega et al., 2016; 2018; Tríbulo et al., 2019; Stoecklein 
et al., 2021). Briefly, cumulus-oocyte complexes (COC) were retrieved by follicular 
aspiration from ovaries collected at a commercial abattoir. Cumulus-oocyte complexes 
with at least three layers of compact cumulus cells and homogeneous cytoplasm were 
placed in groups of approximately 50 COC into 2 mL glass sterile vials containing 1 mL 
of oocyte maturation medium equilibrated with air containing 5% (v/v) CO2 covered with 
mineral oil. Tubes with COC were shipped overnight in a portable incubator (Minitube 
USA Inc., Verona, WI, USA) at 38.5 ºC to the University of Missouri. After 
approximately 24 h of maturation, groups of 100 COC were washed three times in 
HEPES-Tyrode’s albumen lactate pyruvate (TALP) medium and placed in a 35-mm dish 
containing 1.7 mL of fertilization media (IVF-TALP). Each group of COC was fertilized 
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with sperm from a single bull. Sperm were purified from frozen-thawed straws using a 
gradient of Isolate [50% (v/v) and 90% (v/v); Irvine Scientific, Santa Ana, CA], washed 
two times by centrifugation at 100 × g using sperm-TALP and diluted in IVF-TALP to 
achieve a final concentration of 1 × 106 sperm per mL in the fertilization dish. To 
improve sperm motility and promote fertilization 80 µL of penicillamine-hypotaurine-
epinephrine solution was added to each fertilization dish. Fertilization proceeded for 
approximately 18 h at 38.5 ºC in a humidified atmosphere of 5% (v/v) CO2. Putative 
zygotes (oocytes exposed to sperm) were vortexed for 5 min in 400 µL of HEPES-TALP 
to denude from the surrounding cumulus cells at the end of fertilization. Embryos were 
then cultured in four-well dishes in groups of up to 50 embryos in 500 µL of culture 
medium (SOF-BE2) covered with 300 µL of mineral oil per well at 38.5 ºC in a 
humidified atmosphere of 5% (v/v) O2 and 5% (v/v) CO2. Percentage of putative zygotes 
that cleaved (cleavage rate; CL) was determined at day 3 of development (day 0 = day of 
insemination) and BL at day 8 of development.  
 
Statistical Analysis: 
Fluorescence intensity (concentration of SERPINA5 and DAG1) was analyzed 
using the GLM procedure in SAS (9.4) with bull as a fixed effect to determine the 
variance in mean protein FI between bull and within bull. Protein immunolocalization 
was determined based on visual characterization and statistical analysis was not 
performed. The CORR procedure of SAS was used to evaluate correlations (study II) 
between SCR, TMOT, PROG, viability, CL, BL, DAG1 and SERPINA5 relative 
concentration, and proportion of sperm tail labeled for SERPINA5. The GLIMMIX 
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procedure of SAS was used to evaluate the relationship of bull field fertility (High- and 
Low-SCR), and field and in vitro fertility (High-SCR, Low-SCR/High-BL, Low-
SCR/Low-BL) classifications with sperm TMOT, PROG, viability, CL, BL, DAG1 and 
SERPINA5 relative concentration, and proportion of sperm tail labeled for SERPINA5. 
Results are presented as least square mean ± SE unless otherwise stated. Level of 






Sperm TMOT and PROG for the bulls used was 34.6 ± 13.5% and 19.4 ± 9.5% 
(mean ± SD), respectively (total motility ranged from 14.1 to 58.9% and PROG ranged 
from 9.0 to 37.5%). Immunolocalization determined that SERPINA5 protein was present 
both on the sperm head (Fig. 3.1) and tail (Fig. 3.1). On the sperm head, the most 
characteristic pattern of SERPINA5 was covering the proximal region over the acrosomal 
cap (Fig. 3.1). There was 33.5 ± 17.0% (mean ± SD) of sperm tails that were also positive 
for SERPINA5 (range 5 to 62%; Fig. 3.2). Relative concentrations of SERPINA5 on the 
sperm head ranged from 12.9 ± 0.4 to 19.0 ± 0.4 au (Fig. 3.3) and averaged 16.0 ± 3.9 au 
(mean ± SD). Overall, there was a greater variance among bulls compared to within bull 






Immunolocalization of SERPINA5 was similar to that reported in study I (Fig. 
3.1). There was 34.2 ± 12.7% (mean ± SD) of sperm tails in dairy bulls that were positive 
for SERPINA5 (ranged from 6.0 to 57.4%; Fig. 3.4). Relative concentration of 
SERPINA5 on the sperm head ranged from 38.9 ± 1.1 to 68.4 ± 1.1 au (Fig. 3.5) with 
average 53.2 ± 6.6 (mean ± SD). There was greater variance among bulls compared to 
within bull (P < 0.0001; 325.8 vs 285.4, respectively). 
Immunolocalization determined that DAG1 was present on the sperm head in the 
proximal apical region, over the acrosomal cap (Fig. 3.6). Relative concentrations of 
DAG1 on the sperm head ranged from 29.6 ± 0.5 to 45.7 ± 0.5 au (Fig. 3.7) and averaged 
36.0 ± 4.6 au (mean ± SD). There was greater variation among bulls compared to within 
bull (P < 0.0001; 69.4 vs 49.1, respectively). 
There were positive correlations between TMOT and PROG (P < 0.01; r = 0.82; 
Table 3.2, Fig. 3.8), viability and percentage of sperm tail labeled for SERPINA5 (P = 
0.05; r = 0.44; Table 1, Fig. 3.9), SERPINA5 and CL (P = 0.04; r = 0.48; Table 3.2, Fig. 
3.10) and DAG1 (P = 0.01; r = 0.54; Table 3.2, Fig. 3.11), percentage of sperm tail 
labeled for SERPINA5 and CL (P = 0.10; r = 0.39; Table 3.2, Fig. 3.12), and between CL 
and BL (P = 0.03; r = 0.50; Table 3.2, Fig. 3.13). 
There was no difference (P ≥ 0.54) between High- and Low-SCR bulls for 
TMOT, PROG, CL, BL, SERPINA5, DAG1, and percentage of sperm tail labeled for 
SERPINA5 (Table 3.3); however, High-SCR tended (P = 0.06) to have greater sperm 
viability compared to Low-SCR (Table 3.3). When Low-SCR bulls were sub-divided into 
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High- and Low-BL there was no difference (P ≥ 0.32) between High-SCR, Low-
SCR/High-BL and Low-SCR/Low-BL for TMOT, PROG, viability, CL, SERPINA5, 
DAG1, and percentage of sperm tail labeled with anti-SERPINA5 (Table 3.4). There was 
a difference in BL (P = 0.02) when bulls were classified based on field and in vitro 
fertility; High-SCR and Low-SCR/High-BL had greater BL (P ≤ 0.01) compared to Low-
SCR/Low-BL; however, High-SCR and Low-SCR/High-BL were not different (P = 0.37; 
Table 3.4). There was a difference in mean SCR when bulls were classified by field and 
in vitro fertility (P ≤ 0.0001); High-SCR was greater than both Low-SCR groups (P ≤ 
0.0001) as designed; interestingly, Low-SCR/Low-BL tended (P = 0.08) to have greater 




Rete of genetic improvement in a herd is far more efficient through bull selection 
than female selection due to the larger number of offspring generated by one single bull 
versus one single female. This is especially true in dairy cattle, in which 90% of females 
are artificially inseminated (AI; Starbuck et al., 2004; Valour et al., 2015; García-Ruiz et 
al., 2016; Wiggans et al., 2017; USDA, 2018). Bull fertility, especially for use in AI, 
have been evaluated heavily or exclusively through semen quality which relies 
predominantly on sperm motility and morphology, and more recently sperm viability 
(Barth and Oko, 1989; Koziol and Armstrong, 2018; DeJarnette et al., 2021). Sire 
conception rate is one of the most common methods of evaluation for bull field fertility. 
The SCR value given to a bull is generated based on field reports of pregnancies, SCR 
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value represents the bull’s deviation in pregnancy rates at d 70 of gestation compared to 
the mean pregnancy rates from all other bulls that could have been used (Kuhn et al., 
2006; Norman et al., 2011). Interestingly, it was observed that some Low-SCR bulls had 
good BL production with no difference from High-SCR bulls; Ortega et al. (2018) 
reported similar findings in which one (out of three) Low-SCR bull had BL similar to 
High-SCR bulls. Interestingly, Low-SCR/High-BL had decreased mean SCR compared 
to Low-SCR/Low-BL. Sperm must endure far less challenge to fertilize an embryo in 
vitro compared to in vivo. In vivo, sperm must navigate the female reproductive tract, 
survive uterine contraction, overcome the utero-tubular junction, form the sperm 
reservoir, capacitate, “find” the ovulated oocyte to then fertilize that single oocyte 
(Suarez, 2015, 2016). Additionally, AI may happen in different moments during 
estrus/pro-estrus which sperm must survive for prolonged periods of time or capacitate 
“quicker”, both having an effect on fertilization rate and embryo quality (Saacke et al., 
2000; Dalton et al., 2001; Richardson et al., 2017). On the contrary, in vitro, sperm must 
tolerate manipulation insults such as centrifugation (Baldi et al., 2020); however, 
females’ barriers (except those from the oocyte) are eliminated. Thus, it is possible that 
bulls with Low-SCR, but good BL, have sperm transport problems or are more 
susceptible to the timing of insemination (sperm longevity) or the uterine/oviduct 
environment compared to Low-SCR bulls with lower BL which the problem may be 
related to fertilization itself rather than sperm transport; this hypothesis is partially 
explained by the “compensable” and “uncompensable” characteristics of sperm 
previously reported (Saacke et al., 1994; Saacke, 2008; Amann et al., 2018). 
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The objective of the bovine AI industry is to provide semen of high quality to 
cattle producers; semen that passes quality control and are commercially available have 
met specific thresholds (Harstine et al., 2018; DeJarnette et al., 2021). With that, sperm 
motility, morphology and viability of commercially available semen are expected to not 
correlate with field fertility, especially in large samples (DeJarnette et al., 2021). Besides 
the industry effort to eliminate sperm parameters correlation/association with fertility, in 
the present study, High-SCR bulls tended to have greater viability compared to Low-SCR 
bulls. 
Animal variation is necessary for a test to be considered as a potential fertility 
marker. Also, any new test must not be correlated with current evaluations of semen 
quality or must provide a simpler method of evaluation over current analyses (DeJarnette, 
2005; Harstine et al., 2018; DeJarnette et al., 2021). In the present study, a greater 
variation amongst bulls compared to within bull was observed for both DAG1 and 
SERPINA5, fulfilling the first characteristics for a potential fertility marker. Further, 
DAG1 and SERPINA5 were not correlated with TMOT, PROG, or viability, fulfilling the 
second characteristic of a potential fertility marker; however, percentage of tail labeled 
for SERPINA5 was correlated with viability. 
Sperm interact with the utero-tubular junction (UTJ), oviduct (formation of sperm 
reservoir and movement through the oviduct), and oocyte through proteins (Lefebvre et 
al., 1995; Gwathmey et al., 2003; 2006; Ignotz et al., 2007; Sutovsky, 2009; Suarez, 
2015, 2016). The formation of the sperm reservoir in bovine involves BSP (Ignotz et al., 
2001; Gwathmey et al., 2003; 2006), these groups of proteins are attached to the sperm 
during ejaculation when epididymal sperm come into contact with seminal plasma 
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(Desnoyers and Manjunath, 1992; Müller et al., 1998; Nauc and Manjunath, 2000); 
similarly, as observed in Chapter 2, DAG1 and SERPINA5 are attached to the sperm 
during ejaculation, since DAG1 and SERPINA5 were not detected in epididymal sperm 
samples. Liquid chromatography with tandem mass spectrometry analysis (LCMS/MS) 
results (Chapter 2), demonstrated that DAG1 was lowly abundant (spectra count 1.1) 
while SERPINA5 was highly abundant (spectra count 37.3) on the sperm. The present 
results (Fig. 3.1, 3.5, 3.6, and 3.7) agree with LCMS/MS findings which SERPINA5 is 
present in greater abundance on the sperm compared to DAG1; interestingly, DAG1 and 
SERPINA5 concentrations were correlated (Table 3.2; Fig. 3.11). The localization of 
both, DAG1 and SERPINA5, on the sperm head is interesting and consistent with the 
region of the sperm that attaches to oviductal epithelial cells to form the sperm reservoir 
(Lefebvre et al., 1995). The function of DAG1 on the sperm is not fully understood, 
especially alpha-dystroglycan which is more likely than beta-dystroglycan to have been 
measured due to the fact that alpha-dystroglycan is an extracellular/surface protein 
(Ibraghimov-Beskrovnaya et al., 1992). Beta-dystroglycan, a transmembrane protein 
(Ibraghimov-Beskrovnaya et al., 1992), has been previously reported on the tail middle 
piece of guinea pig sperm (Hernández-González et al., 2001) and the middle piece and 
acrosomal region of mice sperm (Hernández-González et al., 2005). Hernández-González 
et al. (2005) demonstrated that mice sperm with beta-dystroglycan deficiency had 
increased morphological abnormalities in the sperm tail, and the number of sperm 
capable of fertilization was decreased (~50% less) compared to sperm from wild-type 
mice. In the present study, it was identified that DAG1 was not associated with field 
fertility or field and in vitro embryo fertility which High-SCR and Low-SCR or High-
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SCR, Low-SCR/High-BL and Low-SCR/Low-BL were not different, respectively. 
Additionally, DAG1 concentration between SCR groups was almost identical (Tables 3.2 
and 3.3). Furthermore, DAG1 was not correlated with SCR, CL, or BL. Thus, DAG1 may 
function to stabilize the acrosomal region as a decapacitating factor, preventing 
premature acrosomal reaction or formation of the sperm reservoir due to its localization 
on the sperm (Fig. 3.6). 
Abundance of SERPINA5 in the seminal plasma and loosely attached to the 
sperm ranked 13th and 11th based on spectra count, respectively (Chapter 2), which agree 
with previous reports for SERPINA5 in seminal plasma (Pisanu et al., 2012). Reference 
for immunolocalization of SERPINA5 in bovine or other livestock species could not be 
found. Thus, within human sperm, SERPINA5 was characterized covering the acrosomal 
region of epididymal and ejaculated sperm (Zheng et al., 1994; Elisen et al., 1998). There 
was no difference in SERPINA5 localization between capacitated and non-capacitated 
sperm; however, when acrosome reaction was induced, SERPINA5 was limited to the 
equatorial region (Zheng et al., 1994; Elisen et al., 1998). The immunolocalization of 
SERPINA5 on the bovine sperm head (Fig. 3.1) was similar to human sperm (Zheng et 
al., 1994; Elisen et al., 1998); however, bovine sperm also had SERPINA5 on the sperm 
tail diverging from human sperm. 
The protease inhibitory activity of SERPINA5 has been described in multiple 
body tissues and fluids (España et al., 1989; Ecke et al., 1992; Christensson and Lilja, 
1994; Hermans et al., 1994; Zheng et al., 1994; Elisen et al., 1998). The activity and 
target enzyme of SERPINA5 can be modulated by heparin and other glycosaminoglycans 
(Kuhn et al., 1990; Pratt and Church, 1992; Ecke et al., 1997). Heparin and 
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glycosaminoglycans are present in the oviduct from oviductal fluid and follicular fluid 
which has been shown to induce sperm capacitation (Parrish et al., 1985; 1988; 
Mahmoud and Parrish, 1996; Bergqvist et al., 2007). A positive correlation was observed 
between SERPINA5 concentration on the sperm head and CL, also, the percentage of 
sperm tail labeled for SERPINA5 was correlated with sperm viability and CL. When the 
SERPINA5 gene was disrupted in mice, male mice were infertile both in vitro and in vivo 
because of morphologically abnormal sperm, lower motility, and lack of sperm-egg 
binding (Uhrin et al., 2000). Also, normozoospermic men with unknown reason for 
infertility had decreased concentration of SERPINA5 compared to fertile counterparts 
(Panner Selvam et al., 2019). Controversially, there was no association of SERPINA5 
concentration or percentage of tail labeled for SERPINA5 with field fertility or field and 
in vitro embryo fertility. 
When sperm was processed for in vitro fertilization, the processing may have 
accelerated sperm capacitation and increased damage to the sperm (Baldi et al., 2020). 
The ability of human sperm to bind to human zona pellucida was evaluated in the 
presence of different concentrations of anti-SERPINA5 or SERPINA5 in the media 
(Elisen et al., 1998). Interestingly, a lower concentration of anti-SERPINA5 increased the 
ability of sperm to bind to the zona pellucida; however, the greater the concentration of 
SERPINA5 in the media the lower the ability of sperm to bind to the zona pellucida 
(Elisen et al., 1998). Another member of the serine protease inhibitor (SERPIN) family, 
called glia-derived nexin or protease nexin-1 (SERPINE2), has been reported to be a 
decapacitating factor in mice (Lu et al., 2011). Thus, it is possible to hypothesize that 
increased concentrations of SERPINA5 may have provided enough protection to the 
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sperm; and bulls with greater concentration of SERPINA5 on the sperm head, and 
percentage of tail labeled, had increased CL likely due to resistance to sperm processing 
(protection against premature capacitation). More investigation is necessary to understand 
whether SERPINA5 or DAG1 could be used as a fertility marker. 
In conclusion, DAG1 and SERPINA5 proteins that are associated with cell-to-cell 
interactions were localized on the bovine sperm head, also, SERPINA5 was localized on 
the sperm tail. Sperm relative concentration for both proteins were correlated to each 
other and SERPINA5 was correlated with CL. The percentage of sperm tail labeled for 
SERPINA5 was correlated with CL and sperm viability; however, proteins were not 
associated with bull field fertility measured by SCR. Thus, SERPINA5 may be related 
with sperm protection and/or oocyte fertilization while DAG1 may be related to sperm 
transport or formation of the sperm reservoir in the oviduct.
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Table 3.1. Description of sire conception rate (SCR), blastocyst rate (BL), field fertility 
classification based on SCR value (High or Low), and field and in vitro classification 
based on SCR and BL (High-SCR, Low-SCR/High-BL, Low-SCR/Low-BL) per bull. 
Bull SCR BL 
Field fertility, 
SCR 
Field and in vitro, 
SCR-BL 
A 4.1 25% High High 
B 2.8 28% High High 
C -5.4 - Low - 
D 4.2 44% High High 
E 3.0 - High - 
G -6.1 31% Low Low-High 
H 4.5 36% High High 
I 3.9 37% High High 
J -6.4 36% Low Low-High 
K 3.2 38% High High 
L -4.7 26% Low Low-Low 
M -4.3 24% Low Low-Low 
N -6.2 - Low - 
O -7.7 39% Low Low-High 
P 1.1 22% High High 
Q 4.1 41% High High 
R 2.8 32% High High 
S -5.5 21% Low Low-Low 
T -6.7 39% Low Low-High 
U -6.0 33% Low Low-High 
V -4.2 37% Low Low-High 




Table 3.2. Pearson’s correlation coefficient (shaded area above diagonal) and significance 
level (below diagonal) between sire conception rate (SCR), total motility (TMOT), 
progressive motility (PROG), sperm plasma membrane integrity (viability), SERPINA5 
mean relative concentration (SERPINA5), percentage of sperm tail positive for 
SERPINA5 (SERPINA5 Tail), in vitro produced embryos cleavage (CL) and blastocyst 























































SCR  0.09 0.01 0.36 -0.13 -0.19 -0.08 0.15 -0.08 
TMOT 0.69  0.82 0.00 0.14 0.15 0.17 0.34 -0.25 
PROG 0.95 < 0.01  0.06 0.15 -0.07 -0.04 0.22 -0.26 
Viability 0.12 0.99 0.79  0.11 0.44 0.24 0.15 -0.10 
SERPINA5 0.56 0.53 0.50 0.65  0.28 0.48 0.11 0.54 
SERPINA5 Tail 0.39 0.52 0.74 0.05 0.21  0.39 0.20 0.05 
CL 0.73 0.49 0.88 0.35 0.04 0.10  0.50 0.33 
BL 0.55 0.15 0.38 0.56 0.66 0.42 0.03  0.32 
DAG1 0.72 0.25 0.25 0.66 0.01 0.81 0.17 0.18  
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Table 3.3. Relationship of sire conception rate (SCR) fertility classification (High-SCR 
vs Low-SCR) on total motility (TMOT), progressive motility (PROG), sperm plasma 
membrane integrity (viability), in vitro produced embryos cleavage (CL) and blastocyst 
(BL) rate, SERPINA5 mean relative concentration (SERPINA5), percentage of sperm tail 






SCR, au2 3.4 -5.7 0.31  < 0.0001 
TMOT, % 52.0 51.3 2.89 0.86 
PROG, % 35.7 35.8 2.61 0.99 
Viability, % 64.0 57.3 2.39 0.06 
CL, % 77.4 78.3 2.39 0.81 
BL, % 33.5 31.7 2.18 0.56 
SERPINA5, au2 52.4 54.2 2.04 0.54 
SERPINA5 Tail, % 32.4 35.1 3.23 0.56 
DAG1, au2 35.6 36.5 1.41 0.66 
1 SEM = Standard error of the mean 
2 au = arbitrary unit
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Table 3.4. Relationship of field (sire conception rate; SCR) and in vitro (blastocyst rate; 
BL) fertility classification (High-SCR, Low-SCR/High-BL, and Low-SCR/Low-BL) on 
total motility (TMOT), progressive motility (PROG), sperm plasma membrane integrity 
(viability), in vitro produced embryos cleavage rate (CL) and BL, SERPINA5 mean 
relative concentration (SERPINA5), percentage of sperm tail positive for SERPINA5 









SCR, au2 3.4a -6.2b¶ -4.8b* 0.59  < 0.0001 
TMOT, % 52.0 49.3 50.0 4.86 0.81 
PROG, % 35.6 34.3 32.8 4.38 0.84 
Viability, % 64.0 58.8 60.3 3.79 0.32 
CL, % 77.5 80.3 73.9 4.23 0.43 
BL, % 33.4a 35.9a 23.9b 2.73 0.02 
SERPINA5, au2 52.4 52.7 56.0 4.16 0.75 
SERPINA5 Tail, % 32.6 38.5 32.7 5.60 0.48 
DAG1, au2 35.6 36.4 36.7 2.60 0.91 
1 SEM = Standard error of the mean 
2 au = arbitrary unit 
a-b Values within the same row not sharing a common superscript differ P ≤ 0.01 




Figure 3.1. Representative picture of bovine sperm labeled with anti-SERPINA5 
(PA579976, Invitrogen; conjugated to Dylight 405 Fast, ab201798, ABCAM) on the 
sperm head and sperm tail (A), and bright field of A (B). White arrows indicate sperm tail 




Figure 3.2. Percentage of sperm tail labeled with anti-SERPINA5 (PA579976, 



























Figure 3.3. Distribution of SERPINA5 fluorescence intensity (arbitrary unit; au; 
PA579976, Invitrogen; conjugated to Dylight 405 Fast, ab201798, ABCAM) on sperm 






























Figure 3.4. Percentage of sperm tail labeled with anti-SERPINA5 (PA579976, 
Invitrogen; conjugated to Dylight 405 Fast, ab201798, ABCAM) per ejaculate of dairy 
bulls (Study II). Solid bars represent ejaculate one and dashed bars represent ejaculate 



























Figure 3.5. Distribution of SERPINA5 fluorescence intensity (arbitrary unit; au; 
PA579976, Invitrogen; conjugated to Dylight 405 Fast, ab201798, ABCAM) on sperm 






























Figure 3.6. Representative picture of bovine sperm labeled with anti-DAG1 (ab136665, 
ABCAM; conjugated to PE/R-Phycoerythrin, ab102918, ABCAM) on the sperm head 
(A), and bright field of A (B). White arrows indicate sperm (on focus) positive for 




Figure 3.7. Distribution of sperm head DAG1 fluorescence intensity (arbitrary unit; au; 
ab136665, ABCAM; conjugated to PE/R-Phycoerythrin, ab102918, ABCAM) per bull. 






























Figure 3.8. Correlation between sperm total (TMOT) and progressive (PROG) motility 
for 22 dairy bulls. Y- and X-axis = proportions. Circles within plot represent individual 
samples.
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Figure 3.9. Correlation between proportion of sperm tail labeled for SERPINA5 and 
proportion of sperm with an intact plasma membrane (viability) for 20 dairy bulls. Y- and 
X-axis = proportions. Circles within plot represent individual samples.
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Figure 3.10. Correlation between sperm SERPINA5 relative concentration and cleavage 
rate for 19 dairy bulls. au = arbitrary unit; X-axis = proportions. Circles within plot 
represent individual samples.
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Figure 3.11. Correlation between sperm SERPINA5 and DAG1 relative concentration for 
22 dairy bulls. au = arbitrary unit. Circles within plot represent individual samples.
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Figure 3.12. Correlation between proportion of sperm tail labeled for SERPINA5 and 
cleavage rate for 19 dairy bulls. Y- and X-axis = proportions. Circles within plot 
represent individual samples.  
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Figure 3.13. Correlation between cleavage rate and blastocyst rate for 19 dairy bulls. Y- 
and X-axis = proportions. Circles within plot represent individual samples. 
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BULL FIELD FERTILITY DIFFERENCES CAN BE ESTIMATED WITH IN VITRO 




Capacitation is a biochemical cascade of events that must occur to sperm before it 
is capable of fertilizing an oocyte. This study evaluated whether post in vitro capacitation 
changes in sperm could be used to estimate fertility differences between bulls. Frozen-
thawed semen from five bulls (two to four ejaculates per bull) previously identified as 
high (48.1% and 47.7%, bulls A and B, respectively), intermediary (45.5%, bull D) or 
low (40.7% and 43.1%, bulls C and E, respectively) fertility, based on pregnancy per AI, 
were evaluated for total and progressive motility, sperm plasma membrane integrity 
(viability), acrosome integrity (viable sperm with an intact or disrupted acrosome), 
reactive oxygen species (ROS; viable sperm ROS+ or ROS-), mitochondrial membrane 
energy potential (mito-potential), zinc signatures (signatures 1 to 4) and CD9 protein 
populations at pre-wash, post-wash, h 0 (diluted with non-capacitation media), and at h 0, 
3, 6, and 24 after dilution with capacitation media and incubation at 37 ºC. Data were 
analyzed using the GLIMMIX procedure of SAS with bull, time and the interaction as 
fixed effects. Random statements were used to analyze the data as repeated measures by 
time with ejaculate per bull as subject. Bull by time interaction was significant (P ≤ 0.03) 
for total motility, viability, viable sperm with disrupted acrosome, and zinc signature 3. 
There tended (P = 0.06) to be a bull by time interaction for zinc signatures 1 + 2 
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combined. Time was significant (P ≤ 0.003) in all analyses, except viable ROS- (P = 
0.12). There was a significant effect of bull (P ≤ 0.03) for viability, viable sperm with 
disrupted acrosome, zinc signatures 1, 2 and 1 + 2, viable CD9- and dead CD9+. High 
and intermediary field fertility bulls had greater (P ≤ 0.04) percentages of viable sperm 
(23.2 ± 1.9%, 26.8 ± 2.9%, 24.2 ± 2.2%, 16.9 ± 2.3%, 13.6 ± 1.6%, A, B, D, C and E, 
respectively), zinc signature 2 (18.3 ± 1.7%, 17.4 ± 2.4%, 18.9 ± 2.0%, 9.9 ± 1.9%, 10.5 
± 1.4%, A, B, D, C and E, respectively) and zinc signature 1 + 2 (21.4 ± 1.8%, 23.1 ± 
2.6%, 22.7 ± 2.2%, 14.8 ± 2.2%, 11.5 ± 1.4%, A, B, D, C and E, respectively) compared 
to low field fertility bulls. High and intermediary fertility bulls had decreased (P ≤ 0.05) 
percentage of dead CD9+ (20.3 ± 1.1%, 26.4 ± 1.8%, 20.5 ± 1.3%, 33.0 ± 1.9%, 43.0 ± 
1.6%, A, B, D, C, and E, respectively) compared to low fertility bulls. Viable CD9+ 
differed (P = 0.02) and sperm with an intact acrosome and viable CD9+ tended to differ 
(P = 0.06) amongst bulls; however, association with field fertility was not observed. 
There was a positive correlation between pregnancy per AI and viability (P = 0.10; r = 
0.81), zinc signature 2 (P = 0.04; r = 0.89), and zinc signature 1 + 2 (P = 0.10; r = 0.80). 
In summary, incubation of sperm in CM and flow cytometry analyses for viability, zinc 
signatures 2 and 1 + 2 combined, and dead CD9+ seems promising to estimate in vivo 




In order to complete fertilization, sperm must have normal morphology, 
progressive motility, intact membranes (e.g., acrosome and plasma membrane), stable 
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DNA, and the ability to undergo capacitation (Rodriguez‐Martinez, 2003; Saacke, 2008; 
Vincent et al., 2012; Garner, 2014). An ejaculate is a heterogeneous population of sperm, 
thus it is normal for some sperm to display undesirable characteristics, but for a bull to 
have high fertility, it is important that a great proportion of the ejaculate has these 
desirable characteristics. Concentration and type of undesirable characteristics will 
determine, to some extent, the fertility of the ejaculate. Overcoming some inseminate 
problems can occur by increasing the insemination dose (Saacke et al., 1994). 
The standard method to determine bull fertility is through a breeding soundness 
exam (BSE). According to the Society for Theriogenology a bull BSE evaluates physical 
soundness, estimates quantity of sperm produced, and evaluates quality of sperm 
ejaculated (Koziol and Armstrong, 2018). Conventional BSE can detect sterile and 
infertile animals with high accuracy; however, animals with below average or low 
fertility are often classified as satisfactory breeders. Even among AI sires that pass 
quality control analysis, it is impossible to guarantee that they will have high fertility; 
that is due to unknown or unmeasured semen characteristics (DeJarnette, 2005). 
Sperm need to reside in the oviduct for approximately 6 h to acquire fertilization 
capacity. During this time, sperm undergo a series of biochemical transformations that 
collectively are called capacitation (Austin, 1951; Chang, 1951). Capacitation can be 
induced in vitro and has been reported to affect in vitro oocyte fertilization (Parrish et al., 
1986; 1988). Several methods of measuring sperm capacitation have been developed 
(reviewed by Gillan et al., 2005). More recently intracellular Zn2+ was utilized to 
determine sperm capacitation status through changes in zinc signatures and was also 
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associated with boar fertility (Kerns et al., 2018). The ability of sperm to undergo 
capacitation may vary among bulls and may also affect fertility.  
It has been demonstrated that proteins present on the sperm head were associated 
with sperm adhesion or fusion with the oocyte plasma membrane in mice. These proteins 
are equatorin (or MN9 antigen), CD9, and IZUMO1 (Toshimori et al., 1998; Manandhar 
and Toshimori, 2001; Inoue et al., 2005; Ito et al., 2010; Satouh et al., 2012). Also, 
oocyte JUNO (IZUMO1 receptor), and tetraspanins CD9 and CD81 have been 
demonstrated to be required for mouse fertilization (Kaji et al., 2000; Le Naour et al., 
2000; Miyado et al., 2000; Rubinstein et al., 2006; Bianchi et al., 2014). The proteins 
CD9, JUNO and IZUMO1 have been reported to be present on bovine gametes (Zhou et 
al., 2009; Antalíková et al., 2015; Fukuda et al., 2016; Zhao et al., 2018). When zona-free 
oocytes were incubated with anti-CD9 antibodies, oocyte fertilization was significantly 
decreased (41.6% vs. 81.3%; Zhou et al., 2009); however, the requirement of JUNO and 
IZUMO1 in bovine fertilization has not been demonstrated. The protein CD9 has been 
well characterized in oocytes (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 
2000; Rubinstein et al., 2006; Sutovsky, 2009; Zhou et al., 2009). On the sperm the 
characterization and function of CD9 is not fully understood; however, it has been 
reported that CD9 was present on the sperm of mice (Rubinstein et al., 2006; Barraud‐
Lange et al., 2007; 2012; Ito et al., 2010), boars (Kaewmala et al., 2011), and bulls 
(Antalíková et al., 2015). 
The aim of this study was to evaluate whether bovine sperm induced to capacitate 
in vitro and evaluated for motility and flow cytometric analyses had a relationship with 
field fertility. In study I, the objective was to evaluate whether different volumes of 
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capacitation media (CM) would affect sperm survival and capacitation over time. In 
study II, the objective was to evaluate whether in vitro capacitation of sperm could 
estimate fertility differences among bulls; a secondary objective was to characterize the 
presence of CD9 protein on sperm and its possible role as a fertility biomarker.  
 




Semen from six bulls (n = 6) of unknown fertility were used to establish the 
methodology used in Study II. Four semen straws from the same bull were thawed in a 
water bath at 37 °C for 60 s and combined in one 2 mL tube. An aliquot was removed for 
pre-wash motility analysis. Remaining semen was pipetted into four 15 mL conical tubes 
filled with 10 mL of bovine non-capacitation media (bNCM) pre-warmed to 37 °C; tubes 
were centrifuged at 500 × g for 10 min, the supernatant was removed, pellets were 
combined in a 2 mL tube and resuspended with approximately 200 µL of bNCM. An 
aliquot was removed for post-wash motility and concentration analysis. After assessment 
of concentration, each sample was divided into three treatments: 1) No-CM (post-wash 
semen was diluted to 17 million sperm per mL in bNCM); 2) Low-CM (post-wash semen 
was diluted to 20 million sperm per mL in bNCM and further diluted to 17 million sperm 
per mL in CM); 3) High-CM (post-wash semen was diluted to 40 million sperm per mL 
in bNCM and further diluted to 17 million sperm per mL in CM). Samples from each 
treatment were evaluated for total motility (TMOT) and progressive motility (PROG) by 
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computer-assisted sperm analysis (CASA; IVOS II; Hamilton Thorne, Beverly, MA, 
USA) at pre-wash, post-wash, 0 (treatment dilution), 2, 4, 6, and 24 h. Semen was 
evaluated by flow cytometry for plasma membrane integrity (viability), acrosome 
integrity, reactive oxygen species (ROS) and, zinc signatures at 0, 2, 4, 6, and 24 h. 
Samples were incubated at 37 °C in an incubator without exposure to light before 
evaluation by flow cytometry, except for assay specific temperatures. Because of semen 
extender mixed with semen in straws and unknown sperm concentration, evaluation of 
pre- and post-wash sperm were not possible by flow cytometry. 
 
Study II: 
Semen from five bulls with known field fertility as evaluated in two research 
trials (Richardson et al., 2017; Zoca et al., 2020) were used in this study. Bull 
identification was the same as Zoca et al. (2020) for bulls A through E. Bull A and D 
were used in both research projects (Zoca et al., 2020 and Richardson et al., 2017), thus 
bulls A and D represent bulls 1 and 2 from Richardson et al. (2017), respectively. A total 
of 15 collection dates were evaluated with a 55-d range between first and last collection. 
Bulls A-E pregnancy per AI (P/AI), number of breedings per research per bull, collection 
dates per bull evaluated, range of days between first and last semen collection, and P/AI 
in relationship to estrus expression as described by Richardson et al. (2017) are described 
in Table 4.1. 
The results from study I, demonstrated that sperm capacitation induced with 
High-CM had a better response compared to Low-CM, specifically explained by viability 
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and zinc signature assays (Table 4.2); based on a greater decrease in the percentage of 
viable sperm and both signature 2 and signature 1 + 2 compared to No-CM. Thus, for 
study II, all samples were diluted using the High-CM procedure, except for 0 h that was 
diluted using the No-CM procedure as a baseline. Based on overall results from study I, 
the time intervals of 3, 6, and 24 h of incubation were used for study II. Two or three 
semen straws of the same bull and collection date, were thawed and washed as described 
in study I. Pre- and post-wash analyses were performed as described in study I. Samples 
were evaluated for TMOT and PROG (CASA), viability, acrosome integrity, ROS, zinc 
signatures, mitochondrial membrane energy potential (mito-potential), CD9 protein 
populations and CD9 fluorescence intensity (FI; flow cytometry) at 0 (similar to No-CM 
treatment), and 0 CM, 3, 6 and, 24 h incubation. Samples were also used to characterize 
the localization of CD9 protein on the sperm by fluorescence microscopy. 
Semen from a control bull was thawed and washed as described in study I at each 
time point (0 and 0 CM, 3, 6, and 24 h). Semen from the control bull was diluted in 
bNCM as No-CM in study I and used to ensure proper machine accuracy for all analyses; 
therefore, the control results were used as a covariate adjustment for all analyses. 
 
In vitro Capacitation: 
In vitro capacitation was induced as described previously (Kerns et al., 2018). 
Briefly, bNCM was composed of NaCl (100 mM), NaH2PO4 (0.3 mM), KCl (3.1 mM), 
MgCl2 6H2O (0.4 mM), Polyvinyl alcohol (PVA; 0.01 mM, FW 10,000 with unknown % 
hydrolyzed), Na-Pyruvate (1 mM), Na-Lactate (22 mM, 60% w/w), HEPES (40 mM), 
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Gentamycin 10 mg/mL stock (21 mM) and Penicillin G (0.174 mM), pH 7.20. Media was 
sterile filtered and stored at 4 °C for no more than 14 d. Bovine capacitation media was 
composed of bNCM with the following reagents added CaCl2 2H2O (2.1 mM), NaHCO3 
(2 mM), Heparin (10 µg/mL) and bovine serum albumin – fatty acid-free (BSA; 6 g/mL), 
pH 7.40; CM was prepared daily. Semen was always maintained at 37 °C except for 
centrifugation and assay specific temperatures. Aliquots of semen were removed at each 
time point for analyses. All samples were analyzed in duplicate, and the average of the 
duplicates were used for statistical analyses.  
 
Semen Analyses: 
Sperm motility analyses were performed using a CASA. Briefly, 10 µL of semen 
was diluted in 10 µL of bNCM and 20 µL of Hoechst 33342 (final concentration 40 
µg/mL), samples were incubated at 37 °C for 10 min. After incubation, samples were 
loaded on a Leja slide and evaluated for sperm concentration, TMOT and PROG.  
All flow cytometric assays were performed in flat bottom polystyrene 96-well 
plates and evaluated with a Guava EasyCyte 5HT (IMV Technologies, France) flow 
cytometer; data acquisition and analyses were performed using the GuavaSoft software 
(version 1.0; IMV Technologies). A total of 5,000 cells per duplicate were analyzed. The 
flow cytometer was cleaned and EasyCheck calibration beads were used to assure proper 
machine performance daily.  
Plasma membrane integrity was evaluated with SYBR-14 and propidium iodide 
assay (PI; adapted from Garner et al., 1994; 1997). Briefly, samples were incubated for 
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10 min with SYBR-14 (900 nM working solution), and PI (1 mg/mL). Results for 
viability are expressed as percentage of sperm with intact plasma membrane (viable), 
thus, positive for SYBR-14 and negative for PI. Sperm acrosome integrity was 
determined by fluorescein isothiocyanate-conjugated peanut agglutinin (PNA) as 
previously described (Purvis et al., 1990; Tao et al., 1993). Briefly, samples were 
incubated for 10 min with a stain mix (1 µL of PI, 0.5 µL of PNA, and 48.5 µL of 
bNCM, and filtered in a 0.22 nm filter). Results for acrosome status were expressed as 
percentage of viable sperm with intact acrosome (viable intact; PNA negative and PI 
negative) or disrupted acrosome (viable disrupted; PNA positive and PI negative), and 
disrupted sperm plasma membrane (dead) with intact acrosome (dead intact; PNA 
negative and PI positive) or disrupted acrosome (dead disrupted; PNA positive and PI 
positive).  
Reactive oxygen species in the sperm were measured with EasyKit 3 (IMV 
Technologies) following manufacturer’s procedures. The specific ROS measured by 
EasyKit 3 were H2O2, HOCl, ONOO- (Mahfouz et al., 2008). In this assay, sperm are 
challenged with H2O2 and sperm that react to this challenge are considered ROS positive 
[ROS+; green dye (proprietary information) positive], those that do not respond to the 
challenge are ROS negative (ROS-; green dye negative). Results for ROS were expressed 
as percentage of viable ROS+, viable ROS-, dead ROS+, and dead ROS-. The main 
population of interest in this assay are the viable sperm and ROS+, and it is worth noting 
that this is a 3-hour assay. Mitochondrial membrane potential (mito-potential) was 
evaluated with JC-1 (8 µM), diluted in ethanol (200 proof) and bNCM, and incubated for 
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30 min. (adapted from Garner et al., 1997; Guthrie and Welch, 2008). Results were 
expressed as percentage of high mito-potential. 
Sperm zinc signatures are a measure of sperm capacitation and have been 
characterized in human, boar, and bovine by Kerns et al. (2018). The zinc signature assay 
used here was adapted from Kerns et al. (2018). Briefly, 90 µL of sample and 10 µL of 
Fluozin-3, AM (FZ3; 1:400 dilution in bNCM) were incubated at room temperature for 
30 min without light exposure. After incubation, samples were centrifuged at 300 × g for 
5 min, supernatant was removed and 75 µL of bNCM was added and pellet resuspended; 
samples were incubated at room temperature for 30 min without light exposure. After 
incubation, 25 µL of PI (1:50 dilution in bNCM) was added to samples and incubated at 
room temperature for 15 min without light exposure followed by evaluation with flow 
cytometry. Zinc signature results were expressed as percentage of signature 1 (viable 
non-capacitated sperm with high intracellular zinc), signature 2 (viable sperm in the 
process of capacitation with low intracellular zinc), signature 3 (dead and capacitated 
sperm with high intracellular zinc in the mitochondrial sheath or the acrosome region or 
both), and signature 4 (dead sperm without zinc). Events negative for FZ3 and PI were 
considered debris and removed from analyses.  
For CD9 evaluation, anti-CD9 antibody (mouse anti-bovine, IVA50, monoclonal, 
Invitrogen, Waltham, MA) was conjugated to fluorescein isothiocyanate [FITC 
conjugation kit (fast) – lightning-link, ab188285, ABCAM, United Kingdom] final 
concentration 0.83 µg/µL. Samples (15 µL;  ~250,000 sperm) were diluted with bNCM 
(35 µL), and incubated with 1 µL of anti-CD9/FITC and 1 µL of PI for 1 h at 37 °C 
(adapted from Antalíková et al., 2015). Flow cytometric CD9 and PI evaluation included 
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the following populations viable CD9+, dead CD9+, viable CD9-, dead CD9-, 
respectively. Assays were performed using 250 µL of bNCM and 5 µL of incubated 
sample per well. Also, CD9 FI of viable and dead population were evaluated. The 
localization of CD9 on the sperm was characterized by fluorescence microscopy (BZ-
X710, Keyence) at 600 × magnification under oil immersion. 
 
Statistical Procedures 
Total motility, PROG, and flow cytometry measures [viability, viable intact, 
viable disrupted, dead intact, dead disrupted, viable ROS+, viable ROS-, dead ROS+, 
dead ROS-, mito-potential, zinc signatures 1, 2, 3 and 4, and combination of signature 1 
and 2 (signature 1 + 2), viable CD9+, viable CD9-, dead CD9+, and dead CD9+] were 
evaluated with the GLIMMIX procedure of SAS (9.4). For all analyses, data was 
assumed beta distributed and the link function logit was used. For study II, Kenward-
Roger’s was used as the degrees of freedom method. Treatment (study I) or bull (study 
II), time, and the interaction were used as fixed effects. Three random statements were 
used, the first random statement was used to model the R-side of residuals to analyze the 
data as repeated measures. The subject was bull (study I) or collection date per bull 
(study II) with covariate structures selected based on the smaller -2 Res Log Pseudo-
Likelihood. The covariate structures selected for each variable of study I were First-Order 
Ante-dependence (ANTE(1); viable intact, viable disrupted, dead intact, dead disrupted, 
viable ROS-, dead ROS-, and zinc signature 4), Heterogeneous First-Order 
Autoregressive (ARH(1); zinc signature 1), Heterogeneous Compound Symmetry (CSH; 
viable ROS-, and zinc signatures 1 and 3), and Toeplitz (TOEP; TMOT, PROG, viability, 
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and zinc signature 1 + 2); and for study II were ANTE(1) (dead intact, dead disrupted, 
dead ROS+, zinc signature 3, zinc signature 4, viable CD9-, and dead CD9-), First-Order 
Autoregressive (AR(1); viable disrupted), ARH(1) (viable intact, viable ROS- and ROS+, 
dead ROS-, mito-potential, zinc signature 1 + 2), CSH (viability and zinc signature 2), 
TOEP (TMOT, zinc signature 1, viable CD9+, and dead CD9+), and Variance 
Components (VC; PROG). The second random statement was the intercept and the third 
was the residual. Least square means were compared using the PDIFF option, and the 
ilink function was used to inverse transform least square means. All samples at 24 h had 
zero percentage results for TMOT and PROG in study I; thus, we were unable to 
statistically include these observations. CD9 FI was evaluated with the MIXED 
procedure of SAS for repeated measures with bull, time and their interaction as fixed 
effects. Collection date per bull was used as subject and ANTE(1) was selected as the 
covariate structure for both live and dead sperm FI based on the smaller BIC value. CD9 
localization on the sperm was characterized; however, no statistical analysis was 
performed. The correlation between overall bull effect least square mean and P/AI 
reported by Zoca et al. (2020), as well as the correlation of CD9 population and CD9 FI 
with all sperm parameters were evaluated using the CORR procedure of SAS. Results are 
presented as mean ± SE. Level of significance was α ≤ 0.05, when P > 0.05 but P ≤ 0.10 










There was no treatment by time interaction for TMOT (P = 0.94; Fig. 4.1 C), 
PROG (P = 0.54; Fig. 4.1 D), viability (P = 0.68; Fig. 4.2 B), acrosome integrity (P ≥ 
0.87; Fig. 4.3 A-D), ROS (P ≥ 0.10; Fig. 4.4 A-D), zinc signatures 1, 2 and 4 (P ≥ 0.51; 
Fig. 4.5 A, C and D) and zinc signature 1 + 2 (P = 0.77; Fig. 4.6 B); however, there was a 
treatment by time interaction for zinc signature 3 (P = 0.04; Fig. 4.5 B). There was no 
difference in zinc signature 3 (P > 0.10) between 0, 2, 4, 6 and 24 h incubation for No-
CM. For the Low-CM, there was a tendency (P = 0.09) for 6 h incubation to have 
increased signature 3 compared to 0 h; also, 2, 4 and 6 h it was increased (P < 0.003) 
compared to 24 h. For High-CM, percentage of signature 3 at 24 h incubation was 
decreased (P ≤ 0.0003) compared to 0, 2, 4, and 6 h. At 0 and 4 h, there was no difference 
(P ≥ 0.13) between treatments for signature 3. At 2 h, Low-CM had greater percentage of 
signature 3 compared to No-CM (P = 0.04) and there was no difference compared to 
High-CM (P = 0.18); No-CM and High-CM were not different (P = 0.43). At 6 h 
incubation, Low-CM had greater percentage of signature 3 compared to both No-CM and 
High-CM (P ≤ 0.02). At 24 h incubation, High-CM had a decreased percentage of 
signature 3 compared to No-CM and Low-CM (P ≤ 0.005). 
There was no effect of treatment on TMOT, PROG, acrosome integrity, viable 
ROS-, and dead ROS+ (Table 4.2); and there was no effect of time for dead disrupted (P 
= 0.63; Fig. 4.7 B). The overall percentage of viable sperm (viability) decreased (P ≤ 
0.002; Table 4.2) as semen was diluted with greater volume of CM. The overall 
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percentage of viable ROS+ decreased (P ≤ 0.03; Table 4.2) when semen was diluted with 
CM and tended (P = 0.08) to decrease between Low- and High-CM; also, percentage of 
dead ROS- increased (P < 0.0001; Table 4.2) as semen was diluted with a greater volume 
of CM. There was an effect of treatment for all zinc signatures (P ≤ 0.0003; Table 4.2). 
The overall percentage of zinc signature 1 decreased (P ≤ 0.04) when semen was diluted 
with CM; also, signature 2 decreased (P ≤ 0.01) as semen was diluted with greater 
volume of CM. Low-CM had greater (P ≤ 0.001) signature 3 compared to No-CM and 
High-CM. High-CM had greater (P ≤ 0.001) signature 4 compared to No-CM and Low-
CM. There was a decrease in the overall percentage of signature 1 + 2 (P < 0.0001; Table 
4.2) as semen was diluted with greater volume of CM. 
There was a decrease over time on overall percentage of TMOT (P < 0.01; Fig. 
4.1 A), PROG (P < 0.02; Fig. 4.1 B), viability (P < 0.04; Fig. 4.2 A), zinc signature 1 + 2 
(P < 0.02; Fig. 4.6 A), viable intact (P < 0.04; Fig. 4.7 C), viable and dead ROS+ (P ≤ 
0.01; Fig. 4.8 A and B, respectively), and zinc signature 2 (P < 0.03; Fig. 4.9 C). There 
was an increase over time on the overall percentage of viable disrupted (P < 0.02; Fig. 
4.7 A), dead intact (P < 0.005; Fig. 4.7 D), dead ROS- (P ≤ 0.02; Fig. 4.8 D), and 
signature 4 (P < 0.02; Fig. 4.9 D). There was also an overall effect of time on the 
percentage of viable ROS- (P ≤ 0.02; Fig. 4.8 C) and zinc signatures 1 and 3 (P < 0.004; 







There was no interaction between bull and time for PROG (P = 0.36; Fig. 4.10 
D), dead disrupted (P = 0.33; Fig. 4.11 B), viable intact (P = 0.82; Fig. 4.11 C), dead 
intact (P = 0.20; Fig. 4.11 D), viable ROS+ (P = 0.21; Fig. 4.12 A), dead ROS+ (P = 
0.47; Fig. 4.12 B), viable ROS- (P = 0.93; Fig. 4.12 C), mito-potential (P = 0.88; Fig. 
4.13 B), zinc signature 1, 2 and 4 (P ≥ 0.16; Fig. 4.14 A, C, and D, respectively), and 
CD9 populations (P ≥ 0.18; Fig 4.15 A-D).  
The effect of bull by time interaction was significant for TMOT (P = 0.0002; Fig. 
4.10 C). All bulls had a decrease in the percentage of TMOT by time (P ≤ 0.05); 
however, bulls C and E had increased TMOT at 0 h in CM compared to 0 h in bNCM. At 
pre-wash, bulls of high and intermediary fertility had greater percentage of TMOT (P ≤ 
0.05) than bulls of low fertility. After washing (post-wash), bull E TMOT remained lower 
than bulls A and D (P ≤ 0.03) but not different than bull B (P = 0.48); however, bull C 
tended to be lower than bulls A and D (P = 0.07) and was not different than bull B 
TMOT (P = 0.55). At 0 h, bull A had greater TMOT than bulls C and E (P ≤ 0.03) and at 
time 0 CM, 3, 6, and 24 h no differences (P > 0.10) were detected among bulls. Thus, 
overall motility measured by a CASA after thawing (pre-wash time point) of multiple 
ejaculates was able to estimate fertility differences between these five Angus bulls with 
increased percentage of TMOT for high and intermediary fertility bulls compared to low 
fertility bulls. 
The percentage of sperm undergoing spontaneous acrosome reaction (viable 
disrupted) was significant for the interaction effect between bull and time (P = 0.03; Fig. 
4.11 A). The viable disrupted percentage increased over time for bulls A, B, D, and E (P 
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≤ 0.05; Fig. 4.11 A); however, percentage of viable disrupted for bull C was not different 
between time points. Nevertheless, there was no association between viable disrupted 
differences and bull fertility. There was a significant interaction between bull and time 
for dead sperm ROS- (P = 0.03; Fig. 4.12 D). There was an increase in the percentage of 
dead sperm ROS- over time for all bulls (P ≤ 0.05). At 0 h, bulls of high and intermediary 
fertility had lower percentage of dead ROS- compared to bull E (P ≤ 0.005). Bull A had 
lower dead sperm ROS- than bull C (P = 0.05), and bulls B and D tended to be lower 
than C (P ≤ 0.08). At 0 CM, bulls A and D were lower than C and E (P ≤ 0.04); however, 
bull B was not different than bulls C and E (P ≥ 0.16). Thus, dead ROS- was able to 
estimate differences in fertility at 0 h with high and intermediary fertility bulls having 
decreased or tending to have decreased percentage of dead ROS- compared to low 
fertility bulls. 
There was an interaction between bull and time for sperm zinc signature 3 (P = 
0.01; Fig. 4.14 B). High fertility bulls had an increase (bull A P = 0.02) or seem to have 
an increase (bull B P = 0.19) between 0 and 0 CM followed by a decrease on the 
percentage of zinc signature 3; however, low fertility bulls had no change between 0 and 
0 CM (P ≥ 0.73), followed by a decrease in zinc signature 3. Interestingly, bull D 
(intermediary fertility) had no change in zinc signature 3 from 0 to 6 h incubation, despite 
a numerical increase at 6 h incubation (P ≥ 0.26); however, there was a decrease in zinc 
signature 3 at 24 h. There was a significant interaction on the percentage of viable sperm 
(P = 0.0004; Fig. 4.16 B). There was a decrease over time for all bulls (P < 0.05). Even 
though a numerical increase in the percentage of viable sperm appears between 0 h and 0 
CM of bull B (32.5% vs 36.4%), no statistical differences were detected (P = 0.38). At 0 
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h, high and intermediary fertility bulls had greater (P ≤ 0.03) or tended to have greater (P 
= 0.09) percentage of viable sperm compared to low fertility bulls. Greater percentage of 
viable sperm was observed in high and intermediary fertility bulls compared to low 
fertility bulls at 0 h; however, sperm diluted with CM was not able to detect differences 
between high fertility and low fertility in one single time point. Thus, viability at 0 h was 
able to estimate differences (or tendencies) in fertility between high and intermediary 
fertility compared to low fertility bulls. 
The combination of zinc signatures 1 + 2 represents the percentage of viable cells 
measured by zinc signature assay (~1 h difference from viability assay). There tended to 
be an effect of the interaction between bull and time for zinc signature 1 + 2 (P = 0.06; 
Fig. 4.17 B). All bulls decreased the percentage of zinc signature 1 + 2 over time (P ≤ 
0.05). At time 0 h, high and intermediary fertility bulls had greater percentage of 
signature 1 + 2 (P ≤ 0.02) compared to bull E, also, bulls A and D tended (P ≤ 0.10) to be 
different than C; however, bull B did not differ (P = 0.16) from bull C. At 0 CM, high 
and intermediary fertility bulls had greater (P ≤ 0.003) percentage of zinc signature 1 + 2 
compared to bull E, also, bulls B and D were different (P ≤ 0.02) and bull A tended (P = 
0.10) to be different than bull C. Thus, zinc signature 1 + 2 at 0 CM, was able to estimate 
fertility differences with all high and intermediary fertility bulls having greater or tending 
to have greater percentage of zinc signature 1 +2 than low fertility, no other individual 
time point was successful in estimating high and intermediary fertility bulls. 
There was no overall effect of bull on the percentage of TMOT, PROG, dead 
intact, viable ROS+, dead ROS+, viable ROS-, mito-potential, zinc signatures 3 and 4, 
and dead CD9- (Table 4.3). The overall effect of bull was significant; however, did not 
131 
 
detect fertility differences between bulls for viable and dead disrupted, dead ROS-, zinc 
signature 1, and viable CD9-; also, tended to be significant for viable intact and viable 
CD9+ (Table 4.3). The overall effect of bull that were significant and estimated fertility 
differences between bulls were viability, zinc signature 2, zinc signature 1 + 2, and dead 
CD9+ (Table 4.3) which high and intermediary fertility bulls had greater percentage of 
viable, zinc signature 2 and zinc signature 1 + 2, and lower percentage of dead CD9+ 
compared to low fertility bulls. There was a positive correlation between field fertility 
and zinc signature 2 (r = 0.89; P = 0.04) and there tended to be positive correlation 
between field fertility and viability (r = 0.81; P = 0.10), and zinc signature 1 + 2 (r = 
0.80; P = 0.10); however, dead CD9+ did not correlate with fertility (r = -0.68; P = 0.20). 
Although percent dead ROS- did not estimate fertility differences between bulls, dead 
ROS- was negatively correlated with field fertility (r = -0.91; P = 0.03). There was no 
correlation between field fertility and other sperm parameters evaluated (P > 0.10). 
The overall effect of time was significant for all analysis except for viable ROS- 
(P = 0.12; Fig. 4.18 C). There was a decrease over time on the percentage of TMOT (P < 
0.0001; Fig. 4.10 A), PROG (P < 0.0001; Fig. 4.10 B), mito-potential (P < 0.0001; Fig. 
4.13 A), viability (P < 0.0001; Fig. 4.16 A), zinc signature 1 + 2 (P < 0.0001; Fig. 4.17 
A), viable ROS+ (P < 0.0001; Fig. 4.18 A), viable intact (P = 0.003; Fig. 4.19 C), zinc 
signature 2 (P < 0.0001; Fig. 4.20 C), and viable CD9- (P < 0.0001; Fig. 4.21 C). There 
was an increase over time on the percentage of dead ROS- (P < 0.0001; Fig. 4.18 D), 
viable disrupted (P < 0.0001; Fig. 4.19 A), dead intact (P < 0.0001; Fig. 4.19 D), zinc 
signature 4 (P < 0.0001; Fig. 4.20 D), and dead CD9- (P < 0.0001; Fig. 4.21 D). Other 
significant effects of time were dead ROS+ (P < 0.0001; Fig. 4.18 B), dead disrupted (P 
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= 0.005; Fig. 4.19 B), zinc signatures 1 and 3 (P < 0.0001; Fig. 4.20 A and B), and viable 
CD9+ and dead CD9+ (P ≤ 0.0002; Fig 4.21 A and B). 
CD9 protein was present in both viable and dead sperm on the acrosomal region 
(Fig. 4.22-4.24). CD9 staining varied from all acrosomal region stained to partial 
acrosomal region stained; however, there was no change in localization of CD9 before 
and after capacitation (data not shown). Nevertheless, there were changes in population 
percentage (Fig. 4.21) and FI of viable and dead populations (Fig. 4.25). There was no 
effect of bull (P = 0.12) and bull by time interaction (P = 0.55) for viable CD9 FI. There 
was a significant interaction bull by time for dead CD9 FI (P = 0.03; Fig. 4.25 F) which 
bull E had greatest FI in all time points compared to all other bulls, except for 0 h; which 
bull E was not different than bull B (P = 0.26) and tended to be different than bulls A, C 
and D (P ≤ 0.10). There was a bull effect for dead CD9 FI (Fig. 4.25 B) which bull E had 
the greatest FI compared to all bulls (P ≤ 0.002). There was an effect of time for both 
viable and dead CD9 FI (P ≤ 0.0004; Fig. 4.25 C and D, respectively). Fluorescence 
intensity for viable sperm decreased when sperm were diluted with CM and increased 
during incubation period; however, dead sperm CD9 FI decreased over time (Fig. 4.25 C 
and D). 
The correlation between CD9 population and CD9 FI were evaluated; not 
surprisingly, there were positive correlations between viable CD9+ and viable CD9 FI, 
and dead CD9+ and dead CD9 FI (Table 4.4). Also, there was a positive correlation 
between viable CD9- and dead CD9 FI (Table 4.4). There were negative correlations 
between viable CD9+ and dead CD9+, dead CD9+ and viable CD9-, viable CD9- and 
dead CD9-, and dead CD9- and dead CD9 FI (Table 4.4). Viable CD9+ was correlated 
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with viable disrupted, dead disrupted, zinc signature 2, zinc signature 3 and signature 1 + 
2, and tended to be correlated with dead ROS+ (Table 4.5); dead CD9+ was correlated 
with viability, viable intact, viable disrupted, dead disrupted, dead ROS-, mito-potential, 
and zinc signatures 2, and 1 + 2, and tended to be correlated with PROG, viable ROS+, 
and zinc signatures 1, and 4 (Table 4.5); viable CD9- was correlated or tended to be 
correlated with all sperm parameters except zinc signatures 1 and 3 (Table 4.5); dead 
CD9- was correlated or tended to be correlated with all sperm parameters except dead 
disrupted, viable ROS-, and zinc signatures 1 and 3 (Table 4.5). Viable sperm CD9 FI 
was correlated with viable ROS+, viable ROS-, zinc signatures 2, 4 and 1 + 2 (Table 4.5); 
also, dead CD9 FI was correlated with all sperm parameters except for viable intact, 




It is well established that females must conceive in the first 21-d of the breeding 
season to achieve their maximum fertility potential and maximize profitability. A delay in 
conception will lead to decreased longevity of females in the herd, will hinder calf 
weaning weight, and overall production (Cushman et al., 2013). To conceive early in the 
breeding season and maintain a pregnancy, females must be cyclic, in good body 
condition and on a positive plane of nutrition; however, bull fertility also plays an 
important role. A BSE is essential for selection of highly fertile bulls that will contribute 
to early conception in a breeding season (Barth, 2018); however, passing a BSE does not 
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guarantee high fertility. In the beef and dairy industries, frozen semen is used for AI. It is 
expected that among semen from AI studs, bull fertility is not statistically different 
between bulls, and more than 90% of semen from these bulls be within ± 3% of average 
fertility (Clay and McDaniel, 2001; DeJarnette, 2005).  
An ejaculate is composed of a heterogeneous population of sperm, and fertility is 
multifactorial (Rodriguez‐Martinez, 2003). Amann and Hammerstedt (1993) suggested 
that an ejaculate or inseminate must have “enough” of all necessary sperm characteristics 
to reach a high level of fertility. In the present study, most of the sperm characteristics 
measured did not associate or correlate with field fertility. It has been reported that 
acrosome integrity, ROS, and mito-potential were associated or correlated with bull 
fertility (Oliveira et al., 2014; Kumaresan et al., 2017; Bernecic et al., 2021), but in the 
present study, they did not have an association with field fertility of the bulls evaluated. 
One difference between studies is the range in fertility among bulls tested. Thus, it is 
possible to conclude that fertility of bulls in this study were not limited by acrosome 
integrity, ROS, or mito-potential.  
Richardson et al. (2017) and Zoca et al. (2020) demonstrated fertility differences 
between bulls even though they had a small sample of bulls, was contrary to what was 
proposed previously (Clay and McDaniel, 2001; DeJarnette, 2005). Thus, the study of 
semen characteristics that can better predict bull fertility is necessary. In the present 
study, semen from two studies (Richardson et al., 2017; Zoca et al., 2020) were analyzed 
to evaluate the effect of inducing capacitation in vitro and the ability to estimate 
differences between different fertility levels. It was observed that CM affected sperm 
viability, viable ROS+, zinc signature 1, 2, and 1 + 2 with increasing concentration of 
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CM decreased those sperm characteristics. Sperm capacitation is a terminal event that 
leads to oocyte fertilization or sperm death (Suarez, 2016) which agrees with increased 
dead ROS-, and zinc signature 4 when concentration of CM was increased. Thus, the 
greater concentrations of CM the faster capacitation happened. For study II, the greater 
concentration of CM was chosen because of the faster induction of capacitation.  
In study II, the interaction between bull and time for TMOT was able to estimate 
differences between bulls that were related to field fertility; however, only at the time of 
pre-wash. Zoca et al. (2020) reported differences between bulls in TMOT, but bulls A 
(high) and C (low) did not differ (31.8% vs 26.5%, respectively). In the present study, 
more ejaculates were evaluated (bull A) and differences in TMOT at pre-wash between 
high and low fertility bulls were detected; however, the present study failed to detect 
differences between high fertility bulls and the intermediary fertility bull. Farrell et al. 
(1998) reported a moderate correlation (r = 0.58) between TMOT and bull fertility which 
agrees with the lack of relationship between TMOT and field fertility observed in the 
overall bull effect and by Zoca et al. (2020); however, when more ejaculates were added 
to the analysis in the present study the relationship between TMOT and field fertility was 
observed at pre-wash. Also, it is important to highlight that the bull with intermediary 
field fertility (bull D) had the greatest TMOT in the present study (38.9%) and in Zoca et 
al. [(2020); 51.6%] but not in Richardson et al. [(2017); bull A (1) 51%; bull D (2) 
38.5%] which agrees with the moderate correlation between TMOT and fertility reported 
previously (Farrell et al., 1998).  
It has been reported that changes in water temperature where semen straws were 
being held from 35 ºC to 22 ºC for only 20 min decreased sperm motility (Kaproth et al., 
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2002). Further, the effect of thawing 10 straws simultaneously on sperm characteristics 
has been investigated (Oliveira et al., 2012; 2013). In these studies, there was an overall 
decrease in TMOT between the first and last straw removed from the water bath (6 min 
30 s difference) of ~5 to 10% difference; however, at 2 h incubation, difference between 
first and last straw TMOT was ~4% with great variation between samples, also, 
difference between first and 2 h incubation analysis demonstrated a decrease of ~20 to 30 
percentages points in TMOT (Oliveira et al., 2012; 2013). In study I, time elapsed 
between thawing and pre-wash analysis was ~10 to 15 min (incubation required for 
CASA analysis), between thawing and post-wash analysis was ~25 to 30 min, and 
between thawing and 0 and 0 CM h was ~1 h. During wash procedures, sperm is diluted 
and centrifuged with fluctuation in temperature, and centrifugation can also cause sperm 
damage (Baldi et al., 2020). Surprisingly, there was no difference between pre-wash and 
post-wash TMOT in study I; however, in study II there was a significant decrease in 
TMOT at post-wash. Differences between pre-wash and post-wash results from study I 
and study II could be related to animal-to-animal variation which agrees with great 
sample and animal variation reported previously (Oliveira et al., 2012; 2013). 
Sperm viability also was able to estimate differences between bulls that were 
related to field fertility. High fertility bulls had greater overall percentage of viable sperm 
compared to low fertility bulls. Again, the intermediary fertility bull was not different 
from high fertility bulls. There was also a positive correlation between field fertility and 
overall bull viability. The interaction of bull by time was able to detect differences related 
to fertility at time 0 h in bNCM; however, no other time point was able to estimate bull 
differences associated with field fertility. It is possible that high and intermediary fertility 
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bulls required a smaller concentration of capacitating agents (i.e., heparin and 
bicarbonate) compared to low fertility animals, since only small changes in sperm 
viability were observed in low fertility bulls compared to high and intermediary bulls. 
This hypothesis is supported by an increase (statistically or numerically) in zinc signature 
3 at 0 CM for high and at 6 h for intermediary whereas low fertility bulls had decreased 
zinc signature 3. Nevertheless, the induction of capacitation and incubation of sperm 
allowed for better separation between high and low fertility as observed in the overall 
effect of bull, because high and intermediary fertility bulls maintained greater 
(numerically or statistically) percentage of viable sperm in all time points. Bull 
differences in sperm viability were detected by Zoca et al. (2020), and results were 
similar to what was observed at 0 h. Interestingly, the intermediary fertility bull had the 
greatest value for viability in both studies at 0 h but this was not the case in Richardson et 
al. (2017); where no differences were detected between high and intermediary fertility 
bulls when overall viability was evaluated. The correlation between sperm plasma 
membrane integrity and field fertility have been widely studied; however, results varied 
from a weak correlation (r = 0.05 to 0.20; Alm et al., 2001; DeJarnette et al., 2021) to a 
moderate correlation (r = 0.41 to 0.68; Januskauskas et al., 2001; 2003; Anzar et al., 
2002; Christensen et al., 2005) and a strong correlation (r = 0.85 and 0.87; Anzar et al., 
2002; Kumaresan et al., 2017). In the present study, the correlation between field fertility 
and viability was strong. Also, both low fertility bulls had decreased viability either 
statistically or numerically at all time points and overall which suggests that inclusion of 
a viability assay as a quality control analysis for AI studs and possibly at a BSE test 
would assist in the prediction of highly fertile bulls. 
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A new marker of sperm capacitation has been recently reported. This marker uses 
zinc ion efflux to determine the capacitation status of the sperm and classifies sperm into 
4 signatures (Kerns et al., 2018; 2020). It has been reported that non-capacitated sperm, 
usually found in fresh ejaculates, had elevated intracellular zinc (signature 1; Michailov 
et al., 2014; Kerns et al., 2018). The active removal of zinc (i.e., transition from signature 
1 to signature 2) has been reported to be a prerequisite of sperm capacitation (Andrews et 
al., 1994); however, complete removal of zinc ceased sperm motility (Michailov et al., 
2014; Kerns et al., 2018). Thus, sperm zinc signatures 1 and 2 represent the population of 
sperm with high fertility potential while signature 3 represents sperm that have gone 
through capacitation and are dead or dying and signature 4 represents sperm that are dead 
and may or may not have gone through capacitation before dying (Kerns et al., 2018). In 
boars, zinc signature 3 was increased from pre-capacitated to post-capacitated sperm 
among high fertility animals but no change was observed in low fertility boars (Kerns et 
al., 2018). In the present study, the percentage of zinc signature 3 in bull sperm decreased 
over time and did not seem to follow the same trend as was reported for boars (Kerns et 
al., 2018). Nonetheless, zinc signature 2 and zinc signature 1 + 2 were able to detect an 
overall difference between bulls that were associated with field fertility; similar to 
viability, the intermediary fertility bull was not different than the high fertility bulls, but 
low and high fertility bulls were different. 
Richardson et al. (2017) reported differences in fertility by time between bulls A 
and D when cows were inseminated prior to estrus but not after the onset of estrus; 
however, bull D (intermediary fertility) had similar level of viability, zinc signature 2 and 
zinc signature 1 + 2 compared to bull A (high fertility). Thus, the mechanism for 
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decreased fertility of bull D compared to bull A is likely associated with other factors not 
related to sperm capacitation ability as measured in this study. It has been reported that 
pregnancy rates are increased in females that express behavioral estrus prior to AI 
compared to those that do not express behavioral estrus (Richardson et al., 2016). Uterine 
environment prior to onset of estrus may influence sperm from different bulls differently. 
It has been reported that uterine pH changes from ~7.3 prior to behavioral estrus to ~6.8 
during behavioral estrus (under influence of elevated concentrations of estradiol) and 
return to ~7.3 after the end of behavioral estrus (Perry and Perry, 2008a, b). The authors 
hypothesized that the decrease in uterine pH during estrus would increase sperm 
longevity, while the increase in uterine pH after estrus would increase sperm motility 
(Perry and Perry, 2008a, b). In chapter 2, sperm longevity was increased when sperm was 
incubated in media adjusted to pH 6.8; however, bull to bull differences were not 
evaluated. Also, under the influence of elevated concentrations of estradiol, uterine gene 
expression and likely protein secretion were altered (Northrop et al., 2018; Perry et al., 
2020; Northrop-Albrecht et al., 2021) and it is possible that these alterations affect sperm 
from different bulls differently. All these differences in the uterine environment may 
possibly be the reason for differences between bulls A and D. Also, differences in sperm 
surface proteins between bulls (Cancel et al., 1997; Dalton et al., 2012; Odhiambo et al., 
2014) could be related to the previously reported differences in fertility (Richardson et 
al., 2017); however, results from this study cannot prove these hypotheses. Nevertheless, 
bull A and D had a similar reduction in the percentage of zinc signature 2 between 0 and 
0 CM; but, bull A had an increase in zinc signature 3 while bull D maintained similar 
percentages, thus it is likely that bull A sperm was undergoing capacitation and bull D 
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sperm was dying, which can be observed by a numerical increase in sperm zinc signature 
4 for bull D at 0 CM compared to bull A. 
In the present study, the presence of, localization, and quantity of CD9 in 
relationship with bull fertility was evaluated. The protein CD9 has been well 
characterized in oocytes (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000; 
Rubinstein et al., 2006; Sutovsky, 2009; Zhou et al., 2009); however, on the sperm the 
characterization and function of CD9 is not fully understood. It has been reported that 
CD9 was present on the sperm of mice (Rubinstein et al., 2006; Barraud‐Lange et al., 
2007; 2012; Ito et al., 2010), boars (Kaewmala et al., 2011), and bulls (Antalíková et al., 
2015). The localization of CD9 protein described here was similar and agrees with what 
has been previously described for bull sperm (Antalíková et al., 2015). Antalíková et al. 
(2015) reported that 75 to 85% of sperm were positive for CD9 with minimal change 
during capacitation; however, the proportion of sperm positive for CD9 observed in the 
present study was decreased compared to what has been reported (only 20 to 50% of 
sperm were positive for CD9) with the lowest percentage and the greatest percentage 
identified at 0 CM (bull D and E, respectively). Differences between the two studies 
could be related to breed (Holstein vs Angus), method of analysis (fixed samples vs 
“fresh” samples; primary and secondary antibody vs primary) or simply animal-to-animal 
variation; however, it was observed that dead sperm with a disrupted acrosome was 
strongly positively correlated with dead CD9+ sperm. This finding may indicate that CD9 
is present in the inner portion of the acrosome and may be externalized during 
capacitation or CD9 can only be detected on sperm with a disrupted acrosome. This may 
explain the differences in CD9+ percentage identified between this and Antalíková et al. 
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(2015) results, since fixation of sperm can cause membrane permeabilization; however, 
acrosome status and CD9 were evaluated in separate assays. It was observed that one low 
fertility bull (bull E) had elevated concentrations of CD9 compared to other bulls among 
the dead sperm population; however, no differences were observed in the viable 
population. Fluorescence intensity of CD9 on dead sperm decreased over time which 
might be related to release of this protein, interestingly, viable sperm CD9 concentration 
greatly decreased when sperm was diluted with CM and slowly increased with 
incubation. Antalíková et al. (2015) reported a decrease of in vitro fertilization rate when 
sperm were treated with anti-CD9 antibodies compared to untreated sperm (64.4% vs. 
89.4%, respectively). Interestingly, low fertility bulls had a greater proportion of dead 
CD9+ sperm compared to high and intermediary fertility bulls. Low fertility bull E had 
the greatest concentration of CD9; however, a correlation between field fertility and dead 
CD9+ was not observed, probably due to lack of power. Thus, CD9 protein assay, more 
specifically dead CD9+, may be a new negative marker of fertility.  
In conclusion, both Low-CM and High-CM were able to induce sperm 
capacitation; however, at different rates, with High-CM inducing changes in sperm faster 
than Low-CM. Multiple analyses over time in capacitation media of viability, zinc 
signature 2, zinc signature 1 + 2 and dead CD9+ were able to estimate differences 
between low fertility bulls to high and intermediary fertility bulls. Also, TMOT at pre-
wash, viability at 0 h and zinc signature 1 + 2 at 0 CM were able to estimate fertility 
differences between bulls. The inclusion of a viability, a zinc signature, or a CD9 protein 
assay in AI studs’ quality control measurements may have the potential to predict bull 
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fertility; however, a larger number of bulls with known fertility need to be evaluated to 
validate these results.  
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Table 4.1. Bulls A-E P/AI1, number of AI per research (breeding), number of collection 
dates used, range of d between first and last collection date evaluated and field fertility 
level assignment (adapted from Richardson et al., 2017; Zoca et al., 2020) 
Bull 






Zoca2 Zoca2 Richardson3 
 A7 48.1a 1050 200 4 55 High 
B 47.7a 1058  2   3 High 
C 40.7c 1206  2   3 Low 
 D7 45.5ab   747 189 3 45 Intermediary 
E 43.1bc   805  4 10 Low 
 P/AI based on interval from estrus (0 h) to insemination from Richardson3 
 -26 h -18 h -12 h -6 h 6 h 12 h 18 h 24 h 30 h 
A, % 75 60 81 100 43 80 79 78 60 
D, % 28 40 26    0 30 44 67 82 67 
1 P/AI = pregnancy per artificial insemination 
2 Zoca = numbers in the column adapted from Zoca et al. (2020) 
3 Richardson = numbers adapted from Richardson et al. (2017) 
4 Collection date = number of collection dates evaluated per bull in study II 
5 Range = range in d between first and last collection date evaluated 
6 Fertility = fertility level assigned based on Richardson et al. (2017) and Zoca et al. 
(2020) 
7 Bulls A and D were represented in both Richardson et al. (2017) and Zoca et al. (2020), 
bulls A and D represents bulls 1 and 2 from Richardson et al. (2017), respectively 
a-c P/AI with different superscripts P ≤ 0.05 (Zoca et al., 2020)  
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Table 4.2. Effect of treatment on sperm total (TMOT) and progressive (PROG) motility, 
plasma membrane integrity (viability), acrosome integrity (viable intact, viable disrupted, 
dead intact, dead disrupted), reactive oxygen species (ROS; viable ROS+, viable ROS-, 





No-CM Low-CM High-CM 
TMOT 8.9 9.1 9.1 2.1 0.98 
PROG 2.6 3.0 3.4 1.0 0.24 
Viability 21.8a 18.6b 14.6c 3.4 < 0.0001 
Viable intact 37.3 37.8 37.4 5.7 0.92 
Viable disrupted 3.5 3.9 3.8 1.1 0.30 
Dead intact 30.8 29.6 30.2 4.7 0.27 
Dead disrupted 26.7 26.8 26.6 2.3 0.97 
Viable ROS+ 9.5a 7.3b* 5.8b¶ 2.0 0.0006 
Viable ROS- 25.7 26.0 26.4 9.7 0.71 
Dead ROS+ 3.2 2.9 3.0 0.5 0.68 
Dead ROS- 55.9c 58.3b 60.4a 4.6 < 0.0001 
Zinc Signature 13 2.1a 1.1b 0.7b 0.7 0.0036 
Zinc Signature 24 18.2a 13.2b 10.5c 3.2 < 0.0001 
Zinc Signature 35 62.1b 69.9a 63.0b 4.2 0.0003 
Zinc Signature 46 14.5b 12.2b 22.5a 3.6 < 0.0001 
Zinc Signature 1 + 27 20.9a 15.4b 12.0c 2.6 < 0.0001 
1 Treatments consisted of 1) semen diluted to 17 million sperm per mL with non-
capacitation media (No-CM); 2) semen diluted to 20 million sperm per mL with non-
capacitation media and to 17 million sperm per mL with capacitation media (CM; Low-
CM); and 3) semen diluted to 40 million sperm per mL with non-capacitation media and 
to 17 million sperm per mL with CM (High-CM) 
2 SEM = Standard error of the means 
3 Zinc signature 1 = viable non-capacitated sperm with high intracellular zinc 
4 Zinc signature 2 = viable sperm in the process of capacitation with low intracellular zinc 
5 Zinc signature 3 = dead and capacitated sperm with high intracellular zinc in the 
mitochondrial sheath or the acrosome region or both 
6 Zinc signature 4 = dead sperm without zinc 
7 Zinc signature 1 + 2 = combination of signature 1 and signature 2 
a-c Values within a row with different superscripts P ≤ 0.05 
*,¶ Values within a row with different superscripts P ≤ 0.10  
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Table 4.3. Effect of bull on sperm total (TMOT) and progressive (PROG) motility, 
plasma membrane integrity (viability), acrosome integrity (viable intact, viable disrupted, 
dead intact, dead disrupted), reactive oxygen species (ROS; viable ROS+, viable ROS-, 
dead ROS+, dead ROS-), mitochondrial membrane energy potential (mito-potential), zinc 
signatures (zinc signature 1, 2, 3, 4, and 1 + 2) and CD9 populations (viable CD9+, viable 




SEM1 P-value  
A B C D E 
TMOT 10.0 9.1 9.1 8.7 8.5 2.7 0.98 
PROG 4.4 1.9 3.1 1.3 1.1 17.5 0.92 
Viability 23.2a 26.8a 16.9b 24.3a 13.6b 2.9 < 0.0001 
Viable intact 46.3a 32.1b¶ 33.3b¶ 44.4ab* 33.7b¶ 4.6 0.06 
Viable disrupted 3.6a* 3.5a 3.8a* 2.6a¶ 1.2b 0.5 < 0.0001 
Dead intact 26.3 31.5 28.0 26.2 22.1 3.1 0.12 
Dead disrupted 22.2c 33.1b 33.8b 25.4c 42.3a 2.3 < 0.0001 
Viable ROS+ 22.8 26.6 20.6 20.1 16.5 4.3 0.25 
Viable ROS- 20.2 10.6 13.3 19.2 18.0 4.1 0.38 
Dead ROS+ 3.3 3.5 3.2 3.2 3.0 0.5 0.89 
Dead ROS- 49.1b 55.4ab 62.5a 54.8ab 58.8a 3.9 0.03 
Mito-potential 29.7 30.8 28.4 31.4 22.6 3.7 0.15 
Zinc Signature 12 2.4b 4.7a 4.9a 2.8b 1.0c 0.8 < 0.0001 
Zinc Signature 23 18.3a 17.4a 9.9b 18.9a 10.5b 2.4 0.001 
Zinc Signature 34 51.7 54.1 52.3 52.6 52.6 6.0 0.99 
Zinc Signature 45 19.8 19.5 24.3 22.6 29.1 7.0 0.64 
Zinc Signature 1 + 26 21.4a 23.1a 14.8b 22.7a 11.5b 2.6 < 0.0001 
Viable CD9+ 4.3a 4.0a 3.3a 3.3ab* 1.6b¶ 0.8 0.06 
Viable CD9- 39.5a 32.2ab¶ 26.7b 44.4a* 28.5b 5.0 0.02 
Dead CD9+ 20.3d 26.4c 33.0b 20.5d 43.0a 1.9 < 0.0001 
Dead CD9- 33.6 35.8 36.2 30.0 26.1 4.0 0.17 
1 SEM = Standard error of the means 
2 Zinc signature 1 = viable non-capacitated sperm with high intracellular zinc 
3 Zinc signature 2 = viable sperm in the process of capacitation with low intracellular zinc 
4 Zinc signature 3 = dead and capacitated sperm with high intracellular zinc in the 
mitochondrial sheath or the acrosome region or both 
5 Zinc signature 4 = dead sperm without zinc 
6 Zinc signature 1 + 2 = combination of signature 1 and signature 2 
a-d Values within a row with different superscripts P ≤ 0.05 
*,¶ Values within a row with different superscripts P ≤ 0.10  
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Table 4.4. Pearson’s correlation coefficient (shaded area above diagonal) and significance 
level (below diagonal) between CD9 populations [intact (viable) or disrupted (dead) 
sperm plasma membrane and CD9 positive (+) or negative (-)] and fluorescence 



























































Viable CD9+  -0.30 0.02 -0.07 0.61 -0.13 
Dead CD9+ 0.01  -0.57 -0.16 -0.19 0.54 
Viable CD9- 0.88 < 0.01  -0.68 -0.02 0.21 
Dead CD9- 0.58 0.20 < 0.01  0.00 -0.72 
Viable CD9 FI < 0.01 0.11 0.88 0.98  0.18 




Table 4.5. Pearson’s correlation coefficient of CD9 populations [intact (viable) or 
disrupted (dead) sperm plasma membrane and CD9 positive (+) or negative (-)] and 
fluorescence intensities (FI) with sperm total (TMOT) and progressive (PROG) motility, 
viability, acrosome integrity (viable intact, viable disrupted, dead intact, dead disrupted), 
reactive oxygen species (ROS; viable ROS+, viable ROS-, dead ROS-, dead ROS-), 
mitochondrial membrane potential (mito-potential), and zinc signatures (signature 1, 


























































TMOT -0.05 0.05 0.36** -0.47** -0.02 0.33** 
PROG 0.16 -0.20* 0.48** -0.44** 0.18 0.25** 
Viability 0.16 -0.40** 0.61** -0.42** 0.29 0.24** 
Viable intact 0.15 -0.47** 0.84** -0.63** -0.08 0.13 
Viable disrupted 0.32** -0.40** -0.22* 0.53** 0.17 -0.63** 
Dead intact 0.13 -0.18 -0.60** 0.85** 0.17 -0.63** 
Dead disrupted -0.38** 0.87** -0.51** -0.07 -0.09 0.54** 
Viable ROS+ 0.19 -0.20* 0.51** -0.49** 0.38** 0.36** 
Viable ROS- -0.03 -0.12 0.24** -0.16 -0.28** 0.00 
Dead ROS+ -0.23* 0.12 -0.22* 0.23* -0.06 0.02 
Dead ROS- -0.12 0.27** -0.65** 0.58** -0.18 -0.38** 
Mito-potential 0.09 -0.28** 0.61** -0.50** 0.16 0.24** 
Signature 1 -0.04 -0.21* 0.14 0.04 0.18 -0.11 
Signature 2 0.46** -0.48** 0.66** -0.50** 0.53** 0.28** 
Signature 3 -0.24** 0.08 0.12 -0.14 -0.04 0.23** 
Signature 4 -0.04 0.20* -0.44** 0.35** -0.26** -0.30** 
Signature 1 + 2 0.43** -0.50** 0.65** -0.46** 0.54** 0.24** 
1 Ejaculates of 5 bulls evaluated at 0 h in a non-capacitation media, and 0, 3, 6 and 24 h 
in capacitation media (n = 70). 
**P < 0.05 





Figure 4.1. Effect of time (A, B) and treatment by time interaction (C, D) on sperm total 
(A, C) and progressive (B, D) motility. Treatments consisted of 1) semen diluted to 17 
million sperm per mL with non-capacitation media (No-CM); 2) semen diluted to 20 
million sperm per mL with non-capacitation media and to 17 million sperm per mL with 
capacitation media (CM; Low-CM); and 3) semen diluted to 40 million sperm per mL 
with non-capacitation media and to 17 million sperm per mL with CM (High-CM). 
Sperm were evaluated after thawing (Pre-Wash), after having been washed (Post-Wash), 
at dilution (0 h) and after 2, 4, 6 and 24 h incubation at 37 ºC. All samples at 24 h had 
zero percentage results for TMOT and PROG; thus, we were unable to statistically 















































































































Figure 4.2. Effect of time (A) and treatment by time interaction (B) on sperm plasma 
membrane integrity (viability). Treatments consisted of 1) semen diluted to 17 million 
sperm per mL with non-capacitation media (No-CM); 2) semen diluted to 20 million 
sperm per mL with non-capacitation media and to 17 million sperm per mL with 
capacitation media (CM; Low-CM); and 3) semen diluted to 40 million sperm per mL 
with non-capacitation media and to 17 million sperm per mL with CM (High-CM). 























































Figure 4.3. Effect of treatment by time interaction on the percentage of sperm with intact 
plasma membrane (viable) and disrupted acrosome (A), sperm with disrupted plasma 
membrane (dead) and disrupted acrosome (B), viable sperm with intact acrosome (C), 
and dead sperm with intact acrosome (D). Treatments consisted of 1) semen diluted to 17 
million sperm per mL with non-capacitation media (No-CM); 2) semen diluted to 20 
million sperm per mL with non-capacitation media and to 17 million sperm per mL with 
capacitation media (CM; Low-CM); and 3) semen diluted to 40 million sperm per mL 
with non-capacitation media and to 17 million sperm per mL with CM (High-CM). 































































































Figure 4.4. Effect of treatment and time interaction on sperm plasma membrane integrity 
and reactive oxygen species (ROS). The percentage of sperm with intact plasma 
membrane (viable) and ROS positive (A), sperm with disrupted plasma membrane (dead) 
and ROS positive (B), sperm viable and ROS negative (C), and sperm dead and ROS 
negative (D). Treatments consisted of 1) semen diluted to 17 million sperm per mL with 
non-capacitation media (No-CM); 2) semen diluted to 20 million sperm per mL with non-
capacitation media and to 17 million sperm per mL with capacitation media (CM; Low-
CM); and 3) semen diluted to 40 million sperm per mL with non-capacitation media and 
to 17 million sperm per mL with CM (High-CM). Sperm were evaluated at dilution (0 h) 

































































































Figure 4.5. Effect of treatment by time interaction on sperm plasma membrane integrity 
and zinc concentration. A) The percentage of sperm with intact plasma membrane 
(viable) and high zinc concentration (signature 1; sperm not capacitated). B) The 
percentage of sperm with disrupted plasma membrane (dead) and high zinc concentration 
(signature 3; sperm that capacitated and died). C) The percentage of viable sperm with 
low zinc (signature 2; sperm undergoing capacitation). D) The percentage of dead sperm 
with no zinc (signature 4; dead sperm that may or may not have gone through 
capacitation before dying). Treatments consisted of 1) semen diluted to 17 million sperm 
per mL with non-capacitation media (No-CM); 2) semen diluted to 20 million sperm per 
mL with non-capacitation media and to 17 million sperm per mL with capacitation media 
(CM; Low-CM); and 3) semen diluted to 40 million sperm per mL with non-capacitation 
media and to 17 million sperm per mL with CM (High-CM). Sperm were evaluated at 













































































































Figure 4.6. Effect of time (A), and treatment by time interaction (B) on sperm with intact 
plasma membrane (viable) and high and low zinc concentration combined (signatures 1 
and 2 combined). Treatments consisted of 1) semen diluted to 17 million sperm per mL 
with non-capacitation media (No-CM); 2) semen diluted to 20 million sperm per mL with 
non-capacitation media and to 17 million sperm per mL with capacitation media (CM; 
Low-CM); and 3) semen diluted to 40 million sperm per mL with non-capacitation media 
and to 17 million sperm per mL with CM (High-CM). Sperm were evaluated at dilution 










































































Figure 4.7. Effect of time on the percentage of sperm with intact plasma membrane 
(viable) and disrupted acrosome (A), sperm with disrupted plasma membrane (dead) and 
disrupted acrosome (B), viable sperm with intact acrosome (C), and dead sperm with 
intact acrosome (D). Sperm were evaluated at dilution (0 h) and after 2, 4, 6 and 24 h 













































































































Figure 4.8. Effect of time on sperm plasma membrane integrity and reactive oxygen 
species (ROS). The percentage of sperm with intact plasma membrane (viable) and ROS 
positive (A). The percentage of sperm with disrupted plasma membrane (dead) and ROS 
positive (B). The percentage of sperm viable and ROS negative (C). The percentage of 
sperm dead and ROS negative (D). Sperm were evaluated at dilution (0 h) and after 2, 4, 












































































































Figure 4.9. Effect of time on sperm plasma membrane integrity and zinc concentration. 
A) The percentage of sperm with intact plasma membrane (viable) and high zinc 
concentration (signature 1; sperm not capacitated). B) The percentage of sperm with 
disrupted plasma membrane (dead) and high zinc concentration (signature 3; sperm that 
capacitated and died). C) The percentage of viable sperm with low zinc (signature 2; 
sperm undergoing capacitation). D) The percentage of dead sperm with no zinc (signature 
4; dead sperm that may or may not have gone through capacitation before dying). Sperm 



























































































































Figure 4.10. Effect of time (A, B) and bull by time interaction (C, D) on sperm total (A, 
C) and progressive (B, D) motility. Bulls that were previously classified as high (A, B), 
low (C, E), and intermediary (D) fertility were evaluated for total and progressive 
motility by computer-assisted sperm analysis. Sperm were evaluated after thawing (Pre-
Wash), after being washed (Post-Wash), and after 0 (diluted in non-capacitation media), 






















































































































Figure 4.11. Effect of bull by time on the percentage of sperm with intact plasma 
membrane (viable) and disrupted acrosome (A), sperm with disrupted plasma membrane 
(dead) and disrupted acrosome (B), viable sperm with intact acrosome (C), and dead 
sperm with intact acrosome (D). Bulls that were previously classified as high (A, B), low 
(C, E), and intermediary (D) fertility were evaluated for sperm plasma membrane and 
acrosome integrity by flow cytometry. Sperm were evaluated at 0 (diluted in non-
capacitation media), 0 CM (diluted in capacitation media), 2, 4, 6 and 24 h of incubation 

































































































Figure 4.12. Effect of bull by time interaction on sperm plasma membrane integrity 
(viability) and reactive oxygen species (ROS). The percentage of sperm with intact 
plasma membrane (viable) and ROS positive (A), sperm with disrupted plasma 
membrane (dead) and ROS positive (B), sperm viable and ROS negative (C), and sperm 
dead and ROS negative (D). Bulls that were previously classified as high (A, B), low (C, 
E), and intermediary (D) fertility were evaluated for viability and ROS by flow 
cytometry. Sperm were evaluated at 0 (diluted in non-capacitation media), 0 CM (diluted 


































































































Figure 4.13. Effect of time (A) and bull by time interaction (B) on sperm mitochondrial 
membrane energy potential (mito-potential). Bulls that were previously classified as high 
(A, B), low (C, E), and intermediary (D) fertility were evaluated for mito-potential by 
flow cytometry. Sperm were evaluated at 0 (diluted in non-capacitation media), 0 CM 








































































Figure 4.14. Effect of bull by time interaction on sperm plasma membrane integrity 
(viability) and zinc concentration. A) The percentage of sperm with intact plasma 
membrane (viable) and high zinc concentration (signature 1; sperm not capacitated). B) 
The percentage of sperm with disrupted plasma membrane (dead) and high zinc 
concentration (signature 3; sperm that capacitated and died). C) The percentage of viable 
sperm with low zinc (signature 2; sperm undergoing capacitation). D) The percentage of 
dead sperm with no zinc (signature 4; dead sperm that may or may not have gone through 
capacitation before dying). Bulls that were previously classified as high (A, B), low (C, 
E), and intermediary (D) fertility were evaluated for viability and zinc concentration by 
flow cytometry. Sperm were evaluated at 0 (diluted in non-capacitation media), 0 CM 















































































































Figure 4.15. Effect of bull by time interaction on sperm plasma membrane integrity 
(viability) and CD9 protein. A) The percentage of sperm with intact plasma membrane 
(viable) and CD9 positive. B) The percentage of sperm with disrupted plasma membrane 
(dead) and CD9 positive. C) The percentage of viable sperm and CD9 negative. D) The 
percentage of dead sperm and CD9 negative. Bulls that were previously classified as high 
(A, B), low (C, E), and intermediary (D) fertility were evaluated for viability and CD9 
protein (IVA50, Invitrogen) by flow cytometry. Sperm were evaluated at 0 (diluted in 
non-capacitation media), 0 CM (diluted in capacitation media; CM), 2, 4, 6 and 24 h of 











































































































Figure 4.16. Effect time (A) and bull by time interaction (B) on sperm plasma membrane 
integrity (viability). Bulls that were previously classified as high (A, B), low (C, E), and 
intermediary (D) fertility were evaluated for viability by flow cytometry. Sperm were 
evaluated at 0 (diluted in non-capacitation media), 0 CM (diluted in capacitation media), 




























































Figure 4.17. Effect of time (A) and bull by time interaction (B) on the percentage of 
sperm with an intact plasma membrane (viable) with high (signature 1) and low 
(signature 2) zinc concentration combined (signature 1 + 2). Bulls that were previously 
classified as high (A, B), low (C, E), and intermediary (D) fertility were evaluated for 
viability and zinc concentration by flow cytometry. Sperm were evaluated at 0 (diluted in 
non-capacitation media), 0 CM (diluted in capacitation media; CM), 2, 4, 6 and 24 h of 




























































Figure 4.18. Effect of time on sperm plasma membrane integrity and reactive oxygen 
species (ROS). The percentage of sperm with intact plasma membrane (viable) and ROS 
positive (A), sperm with disrupted plasma membrane (dead) and ROS positive (B), sperm 
viable and ROS negative (C), and sperm dead and ROS negative (D). Sperm were 
evaluated by flow cytometry at 0 (diluted in non-capacitation media), 0 CM (diluted in 







































































































Figure 4.19. Effect of time on the percentage of sperm with intact plasma membrane 
(viable) and disrupted acrosome (A), sperm with disrupted plasma membrane (dead) and 
disrupted acrosome (B), viable sperm with intact acrosome (C), and dead sperm with 
intact acrosome (D). Sperm were evaluated by flow cytometry at 0 (diluted in non-
capacitation media), 0 CM (diluted in capacitation media), 2, 4, 6 and 24 h of incubation 


















































































































Figure 4.20. Effect of time on sperm plasma membrane integrity (viability) and zinc 
concentration. A) The percentage of sperm with intact plasma membrane (viable) and 
high zinc concentration (signature 1; sperm not capacitated). B) The percentage of sperm 
with disrupted plasma membrane (dead) and high zinc concentration (signature 3; sperm 
that capacitated and died). C) The percentage of viable sperm with low zinc (signature 2; 
sperm undergoing capacitation). D) The percentage of dead sperm with no zinc (signature 
4; dead sperm that may or may not have gone through capacitation before dying). Sperm 
were evaluated by flow cytometry at 0 (diluted in non-capacitation media), 0 CM (diluted 

























































































































Figure 4.21. Effect of time on sperm plasma membrane integrity (viability) and CD9 
protein. A) The percentage of sperm with intact plasma membrane (viable) and CD9 
positive. B) The percentage of sperm with disrupted plasma membrane (dead) and CD9 
positive. C) The percentage of viable sperm and CD9 negative. D) The percentage of 
dead sperm and CD9 negative. Sperm were evaluated for viability and CD9 protein 
(IVA50, Invitrogen) by flow cytometry at 0 (diluted in non-capacitation media), 0 CM 


















































































































































Figure 4.22. Sperm plasma membrane integrity [dead, propidium iodide positive (red) and viable, propidium iodide negative] and 
positive (green fluorescence) or negative for CD9 protein (IVA50, Invitrogen). A) Merged view of fields B, C, and D; B) Bright field; 










Figure 4.23. Sperm with an intact plasma membrane (viable; propidium iodide negative) 
and negative (A1-4) or positive (B1-4) for CD9 protein (IVA50, Invitrogen). 1) Merged 
view of fields 2, 3, and 4; 2) Red fluorescence = Propidium iodide; 3) Green fluorescence 
= anti-CD9-FITC labeling; 4) Bright field. 600 × magnification under oil immersion.  
A1 A2 A3 A4 




Figure 4.24. Sperm with a disrupted plasma membrane (dead; propidium iodide positive) 
and negative (A1-4) or positive (B1-4) for CD9 protein (IVA50, Invitrogen). 1) Merged 
view of fields 2, 3, and 4; 2) Red fluorescence = Propidium iodide; 3) Green fluorescence 
= anti-CD9-FITC labeling; 4) Bright field. 600 × magnification under oil immersion. 
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Figure 4.25. Effect of bull (A, B), time (C, D) and bull by time interaction (E, F) on 
fluorescence intensity (FI) of sperm with intact plasma membrane (viable; A, C, E) or 
disrupted plasma membrane (dead; B, D, F). Bulls that were previously classified as high 
(A, B), low (C, E), and intermediary (D) fertility were evaluated for viability and CD9 
protein (IVA50, Invitrogen) by flow cytometry. Sperm were evaluated at 0 (diluted in 
non-capacitation media), 0 CM (diluted in capacitation media; CM), 2, 4, 6 and 24 h of 
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Appendix 1. Pearson’s correlation coefficient of bull field fertility1 and in vitro embryo 
production [cleavage rate (CL), blastocyst rate (BL), and BL/CL ration] with bull effect 
least square means (n = 5) for sperm total (TMOT) and progressive (PROG) motility, 
plasma membrane integrity (viability), acrosome integrity (viable intact, viable disrupted, 
dead intact, dead disrupted), reactive oxygen species (ROS; viable ROS+, viable ROS-, 
dead ROS-, dead ROS-), mitochondrial membrane potential (mito-potential), zinc 
signatures (signature 1, signature 2, signature 3, signature 4, and signature 1 + 2), and 
CD9 populations [viable or dead sperm and CD9 positive (+) or negative (-)]. 
Variables  Field Fertility CL BL BL/CL 
TMOT 0.48 0.17 -0.43 -0.49 
PROG 0.21 -0.04 -0.60 -0.55 
Viability 0.81* 0.33 0.62 0.44 
Viable intact 0.48 0.63 0.19 -0.15 
Viable disrupted 0.23 -0.38 -0.10 0.13 
Dead intact 0.34 -0.36 0.29 0.49 
Dead disrupted -0.59 -0.35 -0.26 -0.07 
Viable ROS+ 0.65 0.00 0.23 0.24 
Viable ROS- 0.16 0.66 -0.05 -0.42 
Dead ROS+ 0.68 0.04 0.22 0.21 
Dead ROS- -0.91** -0.84* -0.17 0.29 
Mito-potential 0.52 0.01 0.56 0.55 
Signature 1 -0.08 -0.71 0.11 0.51 
Signature 2 0.89** 0.65 0.62 0.26 
Signature 3 0.20 -0.14 0.53 0.60 
Signature 4 -0.75 -0.18 -0.29 -0.20 
Signature 1 + 2 0.80* 0.36 0.63 0.43 
Viable CD9+ 0.64 0.07 0.15 0.12 
Dead CD9+ -0.68 -0.34 -0.46 -0.28 
Viable CD9- 0.63 0.65 0.61 0.24 
Dead CD9- 0.14 -0.51 -0.12 0.18 
Viable CD9 FI 0.41 -0.26 0.22 0.37 
Dead CD9 FI -0.27 0.21 -0.17 -0.30 
1Field fertility values were retrieved from (Zoca et al., 2020) 
**P < 0.05 





Appendix 2. Bovine non-capacitation media and bovine capacitation media recipes. 
Bovine Non-Capacitation Medium (bNCM) 
 
Reagent Formula Weight Concentration, mM 500 mL 1000 mL 
NaCl 58.44 100 2.922 g 5.844g 
NaH2PO4 119.98 0.3 0.0180 g 0.036g 
KCl 74.55 3.1 0.1156 g 0.2312g 





0.01 0.0500 g 0.1000g 
Na-pyruvate ° 110.04 1 0.0550 g 0.1100g 
Na-lactate ° 112.06; 60% w/w 22 2.06 mL 4.12mL 
HEPES 238.30 40 4.766 g 9.5320g 
Gentamycin (10 
mg/mL stock) ° 
477.60 21 1.25 mL 2.50mL 
Penicillin G 372.5 0.174 0.0325 g 0.0650g 
 
pH = 7.20 
 
 
Bovine Capacitation Medium (bCM) 
Use bNCM and add the following ingredients: 
 
Reagent Formula Weight Concentration (mM) 50 mL 
CaCl2 2 H20 147.00 2.1 mM 0.0250 g 






Heparin - 10 μg/mL 1 mL Stk A 
BSA °*  0.6% 0.3 g 
 
pH = 7.4 
° Stored in 4 °C 
* Add last and only make with the final amount of CM needed; very expensive!  (E.g. 
most times less than 5 mL of final CM (5 mL is minimum to make for pH’ing reason), in 
such case would only use 0.03 g BSA); Bovine relies on heparin, not BSA for cholesterol 
efflux. 
**Prefer using 2 mM NaHCO3 -> more sequential-like, does not capacitate too quickly. 
 
COMMENTS:  
PVA can be added to bNCM to better dissolve it – add 0.0500 g of PVA in 500 mL of 
bNCM to maintain 0.01 mM – usually first ingredient added to the water 
213 
 
bNCM can be sterile filtered and stored for up to 3 weeks at 4 oC 
 
Make CM fresh every day because sodium bicarbonate (NaHCO3) evaporates 
 
Add BSA to the volume needed for the daily assays. 
 
Heparin Stock A: 0.05 g / 100 mL bNCM -> 





Make 500 mL bNCM -> make 49 mL CM without BSA -> 
                      1 mL Heparin Stock A + 49 mL bCM without BSA (bCM - BSA) -> 
      Exact amount bCM + BSA needed 
➔ Adjust pH to 7.4 
 
 
